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Abstract
Regardless of the tremendous eﬀorts and investigations performed over centuries to un-
derstand the most elementary and most important liquid of life, 'water', it still poses many
unanswered questions. One particular question relates to the collective nature of the hydro-
gen bond network in water. The research work presented in this dissertation mainly focuses
on studying the low frequency hydrogen bond dynamics of water by time-resolved Terahertz
spectroscopy. Speciﬁcally, two experimental concepts were realised. One is related to the sol-
vation dynamics of water, studied by one dimensional UV-pump THz probe spectroscopy and
the other is associated with the behaviour of the hydrogen bond network in bulk water, for
which a novel two dimensional Raman-THz spectroscopic method was introduced, developed
and successfully realized.
Prior to the actual studies, the experimental setup was reviewed in order to achieve the
high detection sensitivity necessary to detect weak signals emitted from the water. Hence, a
simple scheme has been discussed and implemented, which signiﬁcantly enhances the detection
sensitivity (factor of ≈20) of the THz electro-optical sampling by introducing a sequence of four
ZnSe Brewster windows along the detection path. Furthermore, it was shown in a pump-probe
experiment, that the Gouy phase shift, which depends on the exact positioning of the sample
in relation to the focus of the single cycle THz-probe beam, can alter the shape and size of
a pump-probe signal. To avoid such perturbations in the desired signal, the generation and
detection crystals as well as the sample were placed precisely to their corresponding focii.
To study the aqueous solvation from the water perspective, a ﬂuorescent probe molecule
(Coumarin 343) was used as a solute and the response of water upon photoexcitation of the
dye was measured. Because of the change of dipole moment of the solute, water molecules
are expected to reorient after excitation to accommodate the new conﬁguration. Signiﬁcant
conclusions can be drawn from the experiment by evaluating the time scales. The observed
response of water can be described as the biexponential decay with two time constants which
agree well with the Debye relaxation related to reorientation of water molecules and the life
time of the solute measured independently with the Time Correlated Single Photon Counting.
In the 2D Raman-THz experiment, intermolecular modes of water molecules were excited
and then probed directly in a low frequency regime in order to explore the hydrogen bonded
dynamical network. An echo in the 2D Raman-THz response was identiﬁed, indicating the
inhomogeneous distribution of the hydrogen bond network with the inhomogeneity existing
for a short time of ≈100 fs. These ﬁndings, have been a direct observation of heterogeneous
behaviour of the hydrogen bond network in bulk water, providing important insights into the
long-standing debate on the structure of water and life time related to it.
XI

Zusammenfassung
Ungeachtet des enormen Aufwandes und der zahlreihen Untersuchungen, die über Jahrhun-
derte hinweg unternommen wurden um die elementarste und für das Leben wichtigste aller
Flüssigkeiten, nämlich Wasser, zu erforschen, bleiben immer noch viele unbeantwortete Fragen.
Eine zentrale davon betriﬀt das kollektive Verhalten des Netzwerkes von Wasserstoﬀbrücken-
bindungen. Die Messungen, die in dieser Doktorarbeit zu diesem Thema präsentiert werden,
fokussieren sich auf die Untersuchung niederfrequenten Dynamiken der Wasserstoﬀbrücken mit-
tels zeitaufgelöster Terahertz-Spektroskopie. Zwei wesentliche Experimente wurden in diesem
Kontext realisiert: das erste untersucht die Solvatationsdynamik von Wasser mittels UV-Pump-
THz-Probe-Spektroskopie, das zweite bezieht sich auf das Verhalten des Wasserstoﬀbrücken-
Netzwerkes in Wasser als Flüssigkeit, wofür zweidimensionale Raman-Terahertz Spektroskopie
konzipiert, entwickelt und erfolgreich angewendet wurde.
Vor den eigentlichen Messungen wurde der experimentelle Aufbau auf eine hohe Detekti-
onsempﬁndlichkeit hin optimiert, um das von Wasser emittierte, schwache Signal messen zu
können. Dazu wurde ein relativ einfaches Schema implementiert, das die Detektierbarkeit des
THz-elektro-optischen Probensignals durch die Einführung von vier ZnSe Brewster Fenstern si-
gniﬁkant verbessert. Wir konnten damit eine ca. 20-fache Signalverstärkung erreichen. Weiters
zeigte sich, in einem Pump-Probe-Experiment, dass die Gouy Phasenverschiebung, die von der
exakten Positionierung der Probe relativ zum Focus des einfach zyklisierten THz-Messstrahls
abhängt, die Form und die Grösse des Pump-Probe-Signals verändern kann. Um solche Ein-
ﬂüsse im Signal zu vermeiden, wurden die zur Erzeugung und Detektion verwendeten Kristalle
sowie die Probe sehr präzise in den jeweiligen Fokuspunkten platziert.
Um die Solvatation aus der Sicht des Wassers zu messen, wurde ein ﬂuoreszierendes Probe-
molekül, Coumarin 343, verwendet. Die Antwort des Wassers auf die elektronische Anregung
des Farbstoﬀs wurde mit UV-Pump-THz Probe Spektroskopie gemessen. Nach der Anregung
ändert sich das Dipolmoment des Solvats, die Wassermoleküle in der Solvatationshülle ändern
daraufhin ihre Orientierung, um die neue Elektronenkonﬁguration zu stabilisieren. Der beob-
achtete Response des Wassers zeigt eine exponentielle Relaxation mit zwei Zeitkonstanten, die
kürzere davon beschreibt die Debye Relaxation der Umorientierung der Wassermoleküle, die
zweite die Lebensdauer der Anregung von C343, die auch unabhängig mit TCSPC (time cor-
related single photon counting) gmessen wurde.
Im 2D Raman-THz-Experiment werden die intermolekularen Bewegungen der Wassermo-
leküle bei Normalbedingungen direkt im niederfrequenten Bereich detektiert, um das dynami-
sche Wasserstoﬀbrückennetzwerk zu untersuchen. Es wurde ein Echo in der 2D-Raman-THz-
Messung identiﬁziert, die auf eine inhomogene Verteilung des H-Brücken Netzwerkes hindeutet.
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Es zeigte sich, dass diese Inhomogenität eine Zeitkonstante von ungefähr 100 fs aufweist. Diese
Beobachtungen sind ein direkter Hinweis auf das heterogene Verhalten der Wasserstoﬀbrücken
in Wasser als Flüssigkeit und leistet einen Beitrag zur langanhaltenden Debatte über die Struk-
tur des Wassers und der damit verbundenen Lebensdauern.
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Chapter 1
Introduction
Water is a unique and important liquid that has never ceased to fascinate scientists over
many years. It plays a crucial role in physics, chemistry, biology and many diﬀerent ﬁelds
across the sciences. It is often perceived to be simple as it is colourless, odourless, tasteless and
encountered everywhere in everyday life. However, from the physical and chemical point of view,
the properties exhibited by water are far from simple to comprehend. The central theme of this
dissertation is an attempt to understand water by investigating the intermolecular hydrogen
bond network and its dynamics.
a b c
Figure 1.1: a)Dependence of the volume of ice and water with temperature. Fig. Adapted from ref. [1]. b)
and c) Melting and boiling points of hydrides of group 6A and 4A elements respectively, showing abnormally
high value for water. Fig. adapted from http : //www1.lsbu.ac.uk/water.html
When water is compared to other substances, it becomes clear that it deviates in many
properties. For example, water is liquid at room temperature while the other compounds of
similar molecular weight are gaseous; most of the liquids diminish in volume when temperature
is decreased but in contrast, water expands upon freezing and has density maximum at 4◦C
as shown in Fig.1.1 a [1]; it has unusually higher melting and boiling points than expected
extrapolation of other group 6A hydrides. Fig.1.1 b and c show trends of boiling and melting
points of group 6A and other comparable 4A hydrides respectively. The variation for the
sequence CH4, SiH4, GeH4 and SnH4 is normal and the curve through H2Te, H2Se and H2S shows
the expected behaviour but water does not follow the trend; instead it shows higher melting and
boiling points than the expected values of 173K and 193K. Typically water behaves as a simple
liquid when it is hot, but close to ambient temperatures and upon further cooling, many of its
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properties such as compressibility, heat capacity and density begin to deviate [2]. One can learn
about all diﬀerent kinds of anomalies in water listed at http : //www1.lsbu.ac.uk/water.html.
Apparantly, the anomalous properties of water, most of which make it suitable for life, have
their origin in only one underlying property: the ability of water molecules to form a dense
spatial network of hydrogen bonds [1, 3].
1.1 Water anomalies and hydrogen bond
When the hydrogen atom is attached to an electronegative atom such as O, N or F by a
covalent bond, the binding electron is attracted more towards the electronegative atom and this
causes the hydrogen atom to acquire a small positive charge. As a result the hydrogen atom
is attracted towards the lone pair of electronegative elements of the neighbouring molecule,
thereby making hydrogen bonds. Hydrogen bonds are found not only in water but also in
a majority of chemical and biological molecules such as formic acid, proteins and DNA etc.
Hydrogen bonds shapes the structure and functions of these molecules and provide required
ﬂexibility to them.
+δ-δ
O
H
H H
H O
Figure 1.2: Existence of hydrogen bond be-
tween water molecules.
Water is a small molecule, which consists of two
light hydrogen atoms attached to a 16-fold heavier oxy-
gen atom. The partial positive and negative charges on
hydrogen and oxygen atoms respectively make it polar
in nature. Thus hydrogen atoms of one water molecule
are attracted towards the oxygen atom of neighbouring
molecules and form a hydrogen bond. Fig.1.2 shows
a hydrogen bond between two water molecules. The
strength of the hydrogen bond is apprximately 20 KJ
mol−1 which is considerably stronger than a regular
dispersive force but ≈20 times weaker than a covalent
bond1. Because of its geometry and polarity, individual
water molecules can participate in four hydrogen bonds
simultaneously, leading to a tetrahedral arrangement of
molecules through a continuous network (see Fig.1.3, which depicts the two possible arrang-
ments of tetraheral network). In ice, these tetrahaderal structure in which each water molecule
is four fold coordinated by the other water molecule is indeed observed but in liquid phase the
ordered structure collapses and acquires some degree of disorder. However, the average tetra-
hedral coordination is retained and the x-ray analysis of the structure of water by J.Morgan et
al. [5] shows that liquid water is highly structured and coordinated. This transient tetrahedral
arrangement provides added energetic stability in which bond strength and directionality estab-
lish a low local density and cause a loss of orientational entropy. Therefore, at suﬃciently low
temperatures, hydrogen bonds force negative correlation between energy and volume, as well as
entropy and volume [1]. In most of the other liquids these correlations are positive. Thus, water
anomalies have direct relation with the intermolecuar hydrogen bond network which ultimately
demands the need to understand hydrogen bonds in detail. The collective environment of this
three-dimensional network of hydrogen bonds in liquid water is highly dynamic. Hydrogen
bonds stretch, contract, break and reform on picosecond time scales and have been studied
1energy of a covalent bond ≈ 400KJmol−1 and enrgy dispersive inteaction ≈ 1KJmol−1 [4]
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extensively with very many experimental techniques [612]. The dynamic nature of hydrogen
bonds leads to further anomalous properties related to solvation e.g ultrafast solvation of the
transient charge distribution and high mobility of protons [1316]. This has a huge impact on
all chemical reactions occurring in the solution phase.
1.2 Aqueous solvation dynamics
In solute-solvent assembly, solvation is a process which deﬁnes the equilibrium interaction
between the molecules of the bulk solvent and the molecules or ions of the solute. These inter-
action can be of ionic nature, dipole-dipole interactions, van der Waals forces, and, of particular
interest of this thesis, hydrogen bonding [1719]. These interactions are dynamic in liquid phase
in contrary to solids. The eﬀect of these forces depends on the choice of the substances used
as solvent and solute. Among various solvents, water is often considered to be especial solvent
as it can dissolve not a wide variety of solutes. It is of paramount importance, in particular
because it can dissolve ions and polar molecules, but it is poor at dissolving nonpolar molecules
because of its own polarity. The reason that water is so good at dissolving salts is that it
has a large dielectric constant()(about 80 at room temp.) which is related to the large dipole
moment of water molecules. Besides polarity it exhibits its liquid properties over a convenient
range of temperatures as its boiling and freezing temperatures are far apart.
Solvation can have a profound inﬂuence in chemical reactions. Especially for the reactions
involving charged species and polar solvent, the time scale of the response of solvent molecules
to electronic rearrangement of the solute has a dramatic eﬀect on rate of reaction. For more
than half a century, considerable eﬀorts have been made in the domain of both experimental and
theoretical studies to understand the role of solvation dynamics in chemical reactions [2023].
Early solvation studies were mostly focused on equilibrium solvent eﬀect such as the eﬀect of
solvent polarity on reaction potential energy surface [2426]. Subsequently the focus shifted
to understand the role of time dependent response of polar solvent to a changing charge dis-
tribution in a polar solute molecule that takes place during the reaction. During the late 70's
and 80's, solvation dynamics studies were restricted to slow dipolar liquids like higher alcohols,
propelene carbonates etc. [20,20,27,28] because of the limited temporal resolution available by
laser spectroscopy.
Invention of ultrafast laser spectroscopy enabled the real-time study of dynamical processes
in liquids. The general approach is to induce a change in the chemical solute using short pulses
of light and then to interrogate the medium with the second pulse of light. The time dependence
of the intensity, polarization or phase of the second laser pulse with respect to photoinitiating
light pulse provides information on the dynamical evolution of the reacting system. Various
linear and nonlinear spectroscopies (involving more than two light pulses) have been developed
to probe the dynamical properties of chemical systems. These spectroscopic methods gave
new insight into the ﬁne processes at the subpicosecond to femtosecond timescale resolution to
study the instantaneous dynamics of solvation in solvents like water [14], acetonitrile [29] and
alcohols [30].
Solvation dynamics have been extensively studied by monitoring the time dependent ﬂuo-
rescence Stokes shifts (TDFSS) of the emission spectrum of a ﬂuorescent probe (solute) whose
charge distribution is instantaneously changed by optical excitation. Jimenez et al. [14] re-
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ported a solvent(water) response of a few tens of fs with the subsequent relaxation in ps uning
TDFSS. Another complementary technique, photon echo peak shift spectroscopy, has also been
used to study the solvation dynamics of water. The key idea behind the photon echo peak
shift spectroscopy is that after the optical excitation, the transition frequencies of diﬀerent
absorbers in an inhomogeneous ensemble of absorbers become uncorrelated in time. A second
pulse rephases them after a ﬁxed time, resulting in the appearance of an echo. Fleming and
coworkers [31] showed three kinetic components (17 fs, 400 fs and 2.7 ps) and an average solva-
tion time of 400 fs using this technique. All these studies were done from the solute perspective
and pointed towards the fact that water is one of the many fastest solvents. Before going into
the details of the solvation studies of water, it is important to have some idea about the estab-
lished understanding of transient water structure and its dynamics, which is addressed in the
subsequent paragraph.
1.3 Structure of liquid water
In order to understand the unusual behaviour of water at ambient and low temperature,
it is important to elucidate the instantaneous local structure and dynamical motion of water
molecule and establish the relation between them. Over the period of a century, from the days
of Röntgen [32] untill now, we have accumulated a great deal of knowledge about the molecular
structure of water and its connection to anomalies, although this topic is still extremely contro-
versial [3335]. Water on a larger scale is homogeneous but locally does it show heterogeneity?
Theories related to the liquid-liquid phase transition between high and low density water have
been proposed to account for the low temperature anomalies [34]. Water at ambient conditions
has traditionally been considered as a homogeneous distribution of hydrogen-bonded tetrahe-
dral structures with thermal ﬂuctuations increasing with temperature. This picture has been
challenged by recent studies based on conventional X-ray absorption spectroscopy (XAS) [35],
X-ray emission spectroscopy (XES) [36] and small-angle X-ray scattering (SAXS) [37]. These
have suggested the 'two-state model' of water with patches of local structures of high den-
sity liquid(HDL) and low density liquid (LDL) as depicted in Fig.1.3. a) and b) respectively,
whereas other researchers have interpreted essentially the same experimental result as contin-
uous density ﬂuctuation of water as expected from isothermal compressibility [38].
a)
b)
Figure 1.3: Simple dipiction of heterogenous nature of water consisting of tetrahedral structure of water
proposed to explain a)HDL and b)LDL of water [33]. Dotted lines represent hydrogen bond network.
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Any of the above mentioned X-ray techniques, are 'linear spectroscopies' in the sense that
they use one photon to probe water structure and essentially take static instantenous snapshots
of the distribution. In contrast, multidimensional IR spectroscopies [7,9,11,12] and hole burn-
ing or photon echo experiments [3941] examine the system twice and deduce the correlation
between the inter-converting structure. Most of these experiments employ intramolecular OH
or OD stretch vibrational frequency as sensitive measure of the strength of hydrogen bonding
to the environment. Due to multiple interaction these techniques can elucidate the inhomoge-
neous broadening of OH or OD stretch vibrations and thus the heterogeneity in hydrogen bond
strength [42]. It is well established from these experiments that inhomogeneity in OH/OD vi-
brations is of the order of ≈1ps which is interpreted as the typical life time of hydrogen bonds.
In order to disentangle the ambiguity between homo and heterogeneity of water, one needs a
spectroscopic method which is sensitive to the inhomogeneity of low frequency, intermolecular
and collective modes of water.
1.4 Context of this work: Research orientation
In this dissertation, the prime focus is on liquid water. Fig.1.4 explains the basic theme
of the research work. Studies to understand the low frequency, intermolecular and collective
hydrogen bond dynamics are carried out by conducting two fundamental experiments related to
solvation and structural aspects of water. The technique used to explore the dynamic behaviour
of water imposed by solvation and structure is time-resolved THz spectroscopy.
2D Raman-THz Pump -Probe
Water
Figure 1.4: Basic theme of the dissertation: Water being the core of this research, the dynamical behaviour
of its collective intermolecular modes related to the solvation and the structure is studied by time-resolved
THz spectroscopy. Black arrows point towards the UV-pump-THz probe and 2D-Raman THz spectroscopic
techniques used to investigate the solvation and structural properties of water respectively.
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The study of the dynamics of solvation of a newly created ion or a dipole in polar liquids
is now a well-established methods to obtain molecular-level information about the collective
solvent response of both orientational and translational motions of the solvent molecules around
the probe [21,4346]. However, a consistent picture of solvation and the standard experimental
approaches to investigate the solute-solvent assembly are yet to emerge. Most of the studies
on the solvation dynamics were carried out from the solute perspective. The research domain
of solvation dynamics from the solvent perspective needs noticeable attention. Therefore the
fundamental questions addressed in this experiment are: Can we measure solvation dynamics
from the solvent perspective, especially in water by directly probing the hydrogen bond net-
work and can we deduce the time scale of relaxation? Thus, to study how quickly the water
adapts and rearranges itself around the probe molecule (Cumarine 343), when it is excited by
a UV pump, we used one-dimensional transient THz spectroscopy. A detailed description of
the solvation dynamics of water is given in chap.4.
The second crucial experiment of this research is regarding the heterogeneity of hydrogen
bond network in water. Unravelling the ambiguity about the structure of water remains ex-
tremely diﬃcult, as the diﬀerent experimental techniques used to study it e.g. small angle x-ray
scattering (which emphasize the structure of water) and multidimensional IR spectroscopy (fo-
cusing on dynamics), do not provide a conclusive picture. The questions we ask in this section
are: on a larger scale liquid water is homogeneous, but locally does it show heterogeneity?
Does the two state model of water exist at ambient temperature, and if it does, then what is
the relevant time scale of its survival? To address these questions, we used two-dimensional
Raman-THz spectroscopy, which directly probes the intermolecular motions of water molecules.
A detailed description of the heterogenity of water is given in chap.5.
As mentioned, the basic technique used to explore the above problems is based on time-
resolved THz spectroscopy.
1.5 Time-resolved terahertz spectrscopy
Terahertz radiation (0.1 -10 THz, 30 pm -3 mm in free space, 3 cm−1 to 330 −1 or 0.4
meV to 40 meV) of the electromagnetic spectrum, its generation, detection and interaction
with matter have been of considerable interest to the scientiﬁc community of late. Since the
introduction of THz time-domain spectroscopy (THz-TDS) in the late 1980's [47], it has found
widespread use as a simple and versatile method for obtaining the low frequency response of
solids, liquids and gases. The THz range covers a wide range of physical phenomena, spanning
many diﬀerent ﬁelds of study. Physical phenomena that can be probed in this spectral range
include molecular and material excitations like those in semiconductors, biological molecules
and molecular crystals [4850], charge transfer [51,52] and plasma dynamics [53].
Time-resolved THz spectroscopy (TRTS) is a vast ﬁeld that includes very many diﬀerent
experimental techniques e.g.THz emission spectroscopy2 of bulk semiconductors, superconduc-
tors and other materials, pump/probe technique and coherent control etc. Optical pump/THz
probe technique is used to study systems in which a visible excitation initiates a change in
2In Terahertz emission spectroscopy, the sample itself is the source of THz emission and the THz waveform
is analyzed to extract the information about the process responsible for the emission (optical rectiﬁcation, shift
currents, charge transfer etc.) [54]
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far-infrared absorption properties on a sub-picosecond timescale. One of the most powerful
aspects of THz spectroscopy is that it provides subpicosecond pulses in the far-infrared region
of the spectrum. As THz pulses are created and detected using short-pulsed lasers with pulse
widths ranging from ≈100 down to ≈10 fs making it possible to carry out time-resolved far-IR
studies with subpicosecond temporal resolution. On the contrary other sources of far-IR radia-
tion such as arc lamps or globars are continuous, and pulsed sources such as free electron lasers
or synchrotrons typically produce far-IR pulses with ≈3 ps duration or greater. This capability
has been exploited in several ways. For example, one can monitor a single point on the THz
waveform, and pump-probe delay can be varied to map out the average response of the material.
Alternatively the entire THz waveform can be obtained at one or several ﬁxed delay times after
photoexcitation. In a most comprehensive way one can map out a two dimensional picture by
varying pump probe delay throughout the entire THz waveform. We used TRTS to study the
low frequency vibrations of the water molecular network. The THz spectrum obtained from
the experimental setup used for the purpose of our investigations covers the region from 0.1
to 6 THz, corresponding to H-bond bending and stretching vibrations, indicated in the yellow
shaded area of Fig.1.5
1.5.1 Need for multidimensional spectroscopy
Spectroscopy is the fundamental tool in condensed phases to understand molecular struc-
tures, interactions, relaxations and dynamics. In traditional linear spectroscopy, these informa-
tion can be extracted from the spectral features like resonance frequencies, spectral amplitude
and lineshape as a function of the light ﬁeld (amplitude, frequency, phase, polarization, etc.)
or modiﬁcation of the sample. Absorption or emission spectroscopies are referred to as linear
spectroscopy, because they involve one primary light-matter excitation interaction, typically
characterized by a single frequency axis. Fig.1.5 shows the linear absorption spectrum of water
at low frequency, based on thermally excited intermolecular degrees of freedom.
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Figure 1.5: Low frequency absorption spectrum of water, showing absorption due to hydrogen bond bending
(60 cm−1)and stretching vibrations (200 cm−1). Main peak around 600 cm−1 appears because of libration
(hindered rotation) of water molecules. Fig. adapted from ref. [55]
When two water molecules connected by hydrogen bonds vibrate against each other, there
is a charge ﬂow along the hydrogen bond resulting into the vibrating dipole showing a broad
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peak at 200 cm−1 in the spectrum, while the more promienent peak at 600 cm−1 is assigned
to hindered rotation or libration of water molecules and the one at 60 cm−1is often referred
to hydrogen bond bending motions. [56]. The linear spectrum of water looks very broad,
featureless and the broadening mechanism of the bands is unclear. i.e. one cannot disentangle
whether the modes are homogeneous or heterogeneous. Moreover, it is also not clear if the
there is correlation between hydrogen liberation, stretching and/or bending mode.
In other words, the linear spectroscopic approach is tormented by a number of ambiguities
in their interpretation such as:
• Absorption spectrum with multiple peaks: If the absorption spectrum is comprised of
multiple peaks as shown below (right), it poses uncertainty whether these resonances
arise from diﬀerent, non-interacting molecules, or are these coupled quantum states of
the same molecule? One cannot resolve spectral correlation and couplings directly.
ωa ωb
ωa ωb
Molecule 1 Molecule 2
0
εα
εβ
ωa ωb
ωa
ωb
• Broad lineshape : Linear spectra cannot uniquely interpret line-broadening mechanisms.
e.g. in linear infrared spectroscopy, like Fourier Transform IR (FTIR), the spectral ab-
sorption proﬁle can be homogeneously or inhomogenously broadened, indicating that all
contributing oscillators experience the same local environment or distinct subensembles
contributing to one vibrational band respectively.
Fig.1.6 a) shows nearly identical 1D-FTIR spectra (vibrational lineshapes) of amorphous
ice and liquid water, which do not yield any information about the broadening mecha-
nism of the line shapes obtained for these two samples. On the contrary 2D IR spectra
(Fig.1.6 b)) of same samples are distinctly diﬀerent. For amorphous ice we get a char-
acteristically tilted line shape along the diagonal indicating the heterogeneous nature of
vibrational lineshape while water shows nearly circular line shape representing its homo-
geneous character on longer time scale.
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Figure 1.6: a) FTIR Spectra and b) 2D IR spectra of OH stretch vibrations of amorphous ice and liquid
water. Fig. adapted and modiﬁed from ref. [11,57]
This tells us that 2D spectroscopy can separate the underlying molecular contributions of broad
featureless 1D lineshapes providing a sensitive measure of conformational heterogeneity. There-
fore, multidimensional spectroscopy is required to get the informations regarding the dynamics
of particular modes, possible couplings between them and changing local and collective envi-
ronments as it uses multiple light ﬁeld interactions with independent control over frequency
and time ordering. Here, for the purpose of investing collective hydrogen bond dynamics in
liquid water, 2D- Raman- THz spectroscopy is developed.
1.6 Dissertation outline
The research questions mentioned in section 1.4 constitute a set of ideas that have provided
the motivation to use transient TRTS to study the behaviour of collective intermolecular H-
bond motions of water. In particular, we focus on understanding the solvation dynamics upon
photoexcitation of a dipole in water, the structure of bulk water, its heterogenous behaviour
and the time scales related to these processes.
Chapter 2 is concerned with the experimental technique and apparatus used. It also de-
scribes basic spectroscopic concepts essential for the construction of experimental setups, in-
cluding the generation and detection scheme of THz pulses. In general the desired THz signal
coming from water is very small and very diﬃcult to measure. It also deals with the tech-
nical improvements in the experimental setup to enhance the sensitivity of THz detection by
a signiﬁcant amount, without which the measurement of a transient THz ﬁeld coming from
the water sample would have been impossible. Chapter 3 describes another type of technical
improvement related to the eﬀect of the Gouy phase observed in THz pulses when they are
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focused with high NA optics. It also shows how the Gouy phase aﬀects the pump-probe signal,
and ﬁnally concludes that exact positioning of the sample in relation to the focus of the probe
beam is important in pump probe experiments involving single cycle pulses.
The aim of the ﬁrst experiment described is to probe the relaxation of the low frequency
hydrogen bond network of water surrounding the solute molecule when the solute molecule
is photoexcited. To facilitate this goal, a one-dimensional UV pump- THz probe experiment
on Coumarin 343 dye in water has been designed and performed. In chapter 4 the solvation
dynamics of water molecules upon photoexcitation of Coumarine dye is demonstrated and it is
argued that the response of water is close to the Debye relaxation time rather than the solvation
time.
After performing one-dimensional pump probe spectroscopy, the investigations proceed fur-
ther to two-dimensional Raman-THz spectroscopy of neat water at ambient temperature. The
target formulated in the second experiment is to acquire some additional insight regarding the
structure of water, its heterogeneity and related time scale. To accomplish this goal, a hybrid
two-dimensional Raman THz spectroscopy on neat water is designed and implemented. In
chapter 5, with the help of this multidimensional spectroscopic technique, the appearance of
an echo in 2D Raman-THz response and its indication towards the heterogeneous nature of the
hydrogen-bond network is presented.
The concluding Chapter 6 provides a summary of the presented work. This dissertation
also includes an appendix A that contains all the research works published with the supporting
material. Last two publications are not described in this dissertation but are the part of the
research.
Chapter 2
Experimental techniques
This chapter discusses the experimental setup and the basic spectroscopic concepts that are
applied to the experiments described in this thesis. It also discusses a simple scheme that is
used to enhance the sensitivity of electro-optic detection of the THz pulses. Conceptually, the
experimental setup is developed from an optical pump THz probe setup [54,58].
2.1 Ultrafast pulse generation
A commercially available Titanium-doped sapphire (Ti:Sa) oscillator (Tsunami from Spectra
Physics) delivers 80 fs pulses centered at 800 nm at 80 MHz repetition rate with ≈ 10 nJ energy.
A diode pumps a intracavity doubled Nd:YVO4 cw laser (Millennia, Spectra Physics), which
in turn pumps the oscillator. The energy output of the oscillator is low, and in order to study
non-linear and non-equilibrium physical phenomena, high peak power is required. Thus, to get
high peak power, the oscillator output is fed to a chirped-pulse regenerative ampliﬁer (Spitﬁre,
Spectra Physics) where pulses are ﬁrst stretched and then get ampliﬁed. After ampliﬁcation it
undergoes compression resulting into 800 nm, 110 fs long pulses with a repetition rate of 2.5 to
5 kHz and a output power of ∼ 5W. These ultrashort pulses are used to generate and detect
THz radiation.
2.2 Generation and detection of THz pulses
2.2.1 Optical rectiﬁcation: Generation
A typical broadband THz radiation shows the shape of single-cycle pulse. These extremely
short THz pulses are obtained by using nonlinear optical responses of bound electrons in non-
linear crystals induced by ultrashort optical pulses from femtosencond lasers. In general, an
electric ﬁeld E(t)= E0cos(ωt) induces a polarization P(t) inside a dielectric can be represented
by a Taylor series as follows:
P¯ (t) =
N∑
n=1
χ(n)E¯n(t) (2.1)
where χ(n) is an electric susceptibility of the order n (which varies from 1 to N). For n=1, eq.2.2
represent the linear response. For n= 2 the second order polarization P (2) becomes
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P (2)(t) = χ(2)E2(t) = χ(2)E0
1 + cos(2ωt)
2
(2.2)
The second order nonlinearity leads to a DC electric ﬁeld E0/2, as well as a second harmonic
generation (SHG, 2ω) of the fundamental frequency ω. The SHG and DC ﬁelds are the result
of sum and diﬀerence frequency generation, respectively. Because the near-IR pulse has a
duration of ≈100 fs, a 'dc' pulse corresponding to the envelope of the optical pulse is generated
rather than a constant dc level. Alternatively, this generation mechanism can be understood
by considering the fact that the optical pulses have signiﬁcant bandwidths. Thus, the high-
frequency components can mix with the low-frequency components within a given pulse to
produce a pulse at the diﬀerence frequency. Since the optical pulses have a bandwidth of a few
THz, the diﬀerence frequencies fall in the THz range [54,58].
χ2
Femtosecond
laser pulse
Nonlinear 
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Figure 2.1: THz generation in nonlinear media by optical rectiﬁcation.
2.2.2 Electro-optical sampling: Detection
Electro-optic sampling is a coherent THz detection technique, which exploits the second
order nonlinear susceptibility χ(2) of non centro-symmetric crystals to induce birefringence
upon exposition to an electric ﬁeld. This is called the linear electro-optic (EO) eﬀect or the
Pockels eﬀect.
When a voltage is applied across a material possessing χ(2) response, it will lead to a change
in the refractive index of that material. Thus the total (up to second order) polarization can
be written as
P (t) = [χ(1) + χ
(2)
DC ]E
0cos(ωt) (2.3)
where the quantity in the bracket corresponds to an eﬀective linear susceptibility. The induced
change of the refractive index is:
4n ' 1
2
χ(2)EDC (2.4)
As a result of the induced birefringence, an optical probe pulse or gating pulse experiences a
change of its polarization state, which is linear in the electric ﬁeld applied on the crystal. Thus,
by measuring the small change of refractive index, a ﬁeld-resolved THz radiation measurement
scheme can be implemented.
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Fig.2.2 illustrates the commonly used coherent detection schemes. When the THz ﬁeld is
applied to the non-linear medium (here, detection crystal: 0.1 mm GaP [110] crystal), it induces
birefringence in the material which can be sampled by analysing the polarization of an optical
probe or gating pulse. Thus, the entire waveform is determined by measuring the ﬁeld-induced
birefringence as a function of the relative time delay between the THz and optical probe (or
gating) pulses. An initially s-polarized 800 nm probe beam will thus become elliptically polar-
ized with a small p-polarization component. In a standard electro-optic sampling scheme [58],
the light would then be passed through a λ/4 wave plate, which results in a distorted circular
polarized beam, and then through a Wollaston polarizer, which separates p- and s-polarization
components, whose diﬀerence is measured by two balanced photodiodes. The p-polarization
component introduced in the probe pulse after the detection crystal depends on THz ﬁeld and
the rotation sense of the elliptically polarized light reﬂects the sign of the THz ﬁeld.
χ2
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Optical probe
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THz pulse
λ/4 plate
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Figure 2.2: Coherent electro-optic detection of THz radiation. Entire THz wave form can be mapped by
monitoring the altered polarisation of probe pulse as function of time delay between probe and THz pulse.
Probe pulses coming from ampliﬁed laser system have large energies that can saturate the
detector. Therefore, we introduced a scheme that makes use of extra amount of single-pulse
energy to increase the sensitivity of the THz detection by using a sequence of Brewster windows.
This scheme plays a signiﬁcant role in the measurement of very small, transient THz ﬁelds in
connection with low-repetition rate ampliﬁed Ti:Sa laser systems.
2.3 Detectivity enhancement in THz electrooptical sam-
pling
This work has been published in The Review of Scientiﬁc Instruments, see Ref. [59].
2.3.1 Experimental scheme and results
The ellipticity of probe or gating pulses just after the detection crystal mentioned above
in section2.2.2, can be very small, depending on the strength of the THz ﬁeld. In order to
reduce the large s-polarization component, the beam was ﬁrst passed through a set of four
ZnSe Brewster windows before the Wollaston polarizer (see Fig. 2.3). These Brewster windows
ideally transmit 100% of the p-polarization component, but reﬂect a certain fraction of the
s-polarization component, thus increasing the ellipticity of the beam and, in a relative sense,
the p-polarization component.
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Figure 2.3: Electro-optical sampling setup with four Brewster windows in order to decrease the ellipticity of
the probe beam. The bottom row shows the polarization states at various positions along the beam path.
The Brewster windows have a small wedge of α = 1◦ to avoid multiple reﬂections from
hitting the detector. This wedge causes a deﬂection dθ of the beam of dθ ≈ (n2 − 1)α ≈ 5◦
(where α is the wedge angle, and n is the index of refraction). Since it is critical for the overall
performance of the setup that every ZnSe surface is hit at the Brewster angle as closely as
possible, the tilt of second and third Brewster windows is corrected for that deﬂection angle
(see Fig. 2.3). The overall transmission through the four Brewster window setup was measured
to be t = 0.24%, which perfectly matches the expected value for the index of refraction of n =
2.52 for ZnSe at 800 nm with a Brewster angle of 68◦.
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Figure 2.4: THz pulses measured with (red) and without (green) Brewster windows. The amount of light at
the two photodiodes of the balanced detection was the same in both measurements. The green solid line shows
the raw data without Brewster windows, the green dots the data up-scaled by a factor 18.
2 Experimental Technique 15
Fig. 2.4 shows the THz pulses measured with (red line) and without (green line) Brew-
ster windows by scanning the 800 nm probe pulse relative to the THz pulse. In these two
experiments, the amount of light at the two photodiodes of the balanced detection was kept
constant with the help of additional attenuators in front of the photodiodes, which compen-
sated the eﬀect of the Brewster windows in the measurement without them. Comparing both
measurements, we obtain an enhancement factor of ≈18 (Fig. 2.4, green dots).
2.3.2 Polarization states in the setup
To describe the polarization states at the various positions in the setup, we use the Jones matrix
formalism. We start from linearly s-polarized probe light:
pin =
(
1
0
)
(2.5)
The detection crystal acts as a phase retarder with small retardation φ, that is proportional to
the THz ﬁeld [60]:
C =
1
2
(
eiφ + e−iφ eiφ − e−iφ
eiφ − e−iφ eiφ + e−iφ
)
. (2.6)
The Brewster windows reduce the s-polarization component by a ﬁeld attenuation factor a,
while they fully transmit the p-polarization component:
B =
(
a 0
0 1
)
, (2.7)
and the quarter-wave plate is described as:
Q =
1√
2
(
1 i
i 1
)
. (2.8)
The ﬁnal polarization state thus becomes:
p = Q.B.C.pin =
1√
2
(
a cosφ− sinφ
i(a cosφ+ sinφ)
)
(2.9)
The balanced detection measures the diﬀerence in intensity of the s- and p-polarization com-
ponents, which we normalize to the total amount of light on the two detectors:
S =
|ps|2 − |pp|2
|ps|2 + |pp|2 ≈
2φ
a
(2.10)
where the last step is valid for φ  a. We see that the relative signal is enhanced by a factor
1/a = 1/
√
t (where t is the corresponding intensity attenuation factor). For the concrete situ-
ation in our experiment, we would expect an enhancement factor of ≈ 20; slightly higher than
the experimental value of ≈ 18. We attribute the small deviation from the theoretical value to
the fact that we do not hit all surfaces of the Brewster windows at the perfect Brewster angle
due to small misalignments and the wedges of the Brewster windows.
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The enhancement factor can be changed by selecting a diﬀerent window material and vary-
ing the number of Brewster windows. Four ZnSe windows turned out to be a good compromise
for signiﬁcant enhancement as well the available probe pulse energies due to the saturation
limit of the photodiodes. The maximum enhancement factor is also limited by the condition
φ a (Eq. 2.10); if a is set too small, the signal no longer scales linearly with the THz ﬁeld. In
the limit of a = 0, when only the p-polarization component is transmitted, one could no longer
distinguish the signs of the THz ﬁeld and only the absolute-square of the THz ﬁeld could be
detected.
In the end, by introducing this simple scheme for enhancing the sensitivity of the THz
detection, we are able to detect the small signal coming from water in both 1D and 2D time
resolved THz experimets.
2.4 Measured THz pulse
Here, we use two identical 0.1-mm-thick (110) GaP or ZnTe crystals as nonlinear mediums
to generate and detect THz pulses. Pulses with ∼ 10 µJ energy are focused on the THz
generation crystal (GaP) with a spot size of ∼ 50 µm. The incident energy is just below the
damage threshold of the crystals. Fig.2.5 shows a typical THz pulse measured in time and
frequency domain, along with the phase. The generation crystal delivers half-cycle THz pulses
extending from ≈0.3 - 7 THz having a peak at ≈1.4 THz. Thus, it covers the hydrogen-bond
bend mode at 60 cm−1 and a signiﬁcant part of the hydrogen-bond stretch mode at 200 cm−1
as indicated by yellow shaded region of low frequency absorption of water in Fig.1.5. They
however miss the librational band at 600 cm−1. The phase of the pulse is almost ﬂat across the
spectrum.
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Figure 2.5: a) Measured THz transient in time domain sampled by the probe pulse. b) THz amplitude and
phase in frequency domain.
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2.5 Optical pump-THz probe experimental setup
A complete description of time resolved optical pump- THz probe spectroscopic method
is discussed in this section. Fig.2.6 shows the general optical pump-THz probe experimental
setup. The initial laser output is split into two parts with a beam splitter, generating the pump
and probe paths. The pump beam is much more intense than the probe beam. The probe
beam is split again in two parts. One part is used to generate the THz pulse and the other one
is used to detect it. THz is generated by optical rectiﬁcation and it is detected by electro-optic
sampling, as described in the section 2.2.
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Figure 2.6: Experimental setup used for time-resolved THz spectroscopy of water. For 1D UV pump- THz
probe measurement a SHG crystal is placed along the pump path after the delay line D1 to obtain 400 nm
pulses.
The THz pulses from the generation crystal are collected and focused on the sample and
then onto the detection crystal by two ellipsoidal mirrors. These ellipsoidal mirrors are home-
machined and made of aluminium (2f = 83 mm) (see ﬁg.2.7). The two elliptical mirrors are
mounted (without possibility of further alignment) in a way that we know the position of
their foci with the help of an additionally designed alignment tool (i.e., a thin Al plate with
a small pinhole of ≈200 µm positioned on a magnetic retention base). The estimated error
in the positioning of the mirrors and the alignment tools is on the order of 100 µm. THz
generation and detection crystals as well as the sample are placed at the focii of ellipsoidal
mirror arrangement. This arrangement of ellipsoidal mirror has a numerical aperture of about
unity, which gives a near-diﬀraction-limited THz ﬁeld spot size of about 200 µm on the sample
and the detection crystal.
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Figure 2.7: Home-built ellipsoidal mirror arrangement made of aluminium.
The detection beam (800 nm) is passed through an optical delay stage (t2) and a small
central hole in the second elliptical mirror. Then it is spatially and temporally matched to the
detection crystal. THz pulses carrying information from the sample upon perturbation are fo-
cused on the detection crystal, making it birefringent and changing the original polarisation of
the gating beam. The gating beam is then passed along the detection path following sensitivity
enhancement scheme by Brewster windows as described in the section 2.3. The photodiode
signals are then ampliﬁed, integrated in a boxcar integrator, and recorded in a computer on a
single-shot basis.
The pump beam could be either second harmonic (400 nm, 3µJ) pulses or 800 nm pulses
(ca.200 µJ used as Raman pump pulse). Pump pulses are passed through an optical delay stage
(D1) controlling t1. These pulses are focused with a lens (f=1 m) onto the sample, collinearly
with the THz radiation, through a small hole in the ﬁrst ellipsoidal mirror. The spot size of
the pump beam is set to 250 µm by adjusting the focus to ≈ 8 cm after the sample. The pump
pulse has a duration of ca. 110 fs. For 1D pump-probe measurements, optical delay stage (t2)
is ﬁxed to the peak of the THz pulse and pump delay (t1) is varied whereas for 2D Raman-THz
both delays are varied.
THz generation pulses are modulated at a quarter of the laser frequency and pump pulses
at half of the laser frequency by using two optical choppers. Electro-optic sampling directly
measures the ﬁeld rather than intensity. The transmitted THz ﬁeld and generated THz ﬁelds
after perturbation are added and thus the signals are calculated as the diﬀerence between
pumped and un-pumped sample as follows:
Ssignal = (S11 − S10)− (S01 − S00) (2.11)
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Where, S stands for the measured signal at the detector and
S11 = Pump On THz On.
S10 = Pump On THz Oﬀ.
S01 = Pump Oﬀ THz On.
S00 = Pump Oﬀ THz Oﬀ.
The THz pulse itself was measured constantly during scanning by recording all four types
of data independently. The whole THz section of the setup was enclosed in a nitrogen-purged
box to remove water vapour.
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Chapter 3
The eﬀect of the Gouy phase in THz
pump-probe spectroscopy
This chapter discusses the eﬀect of the Gouy phase shift observed in THz pulses and its
consequence on the shape of the pump-probe signal. The Gouy phase shift depends on the exact
positioning of a sample in relation to the focus of the probe beam in a pump-probe experiment.
This work has been published in Optics Express, see Ref. [61].
3.1 Introduction
With the advent of THz based systems used for spectroscopic and imaging purposes, there
has been growing interest to know how the spatial and temporal evolution of such pulses
occur [62]. Due to the large bandwidth of THz pulses, they undergo signiﬁcant temporal re-
shaping. One such important process is the Gouy phase shift [63].
Gouy phase:
−π/2
π/20 zR
z
Figure 3.1: Illustrative schematic for Gouy phase.
When a laser pulse travels through a focus, it experiences a phase shift from -pi/2 before
the focus, 0 in the focus, and +pi/2 after the focus as shown in the Fig.3.1. This phenomenon
is called Gouy phase shift [63]. The Gouy phase of the beam propagating along z - direction is
given by:
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ψ(z) = arctan(
z
zR
) = arctan(
λz
piω02
) (3.1)
where zR is the Rayleigh length and ω0 is the beam waist. This phase anomaly was ﬁrst
observed by Gouy and was shown to exist for any waves, including acoustic waves, that pass
through a focus. THz pulses have been used elegantly to visualize the Gouy phase eﬀect [6466].
In these studies the importance of the Gouy phase shift is discussed and a direct observation
of the pi Gouy phase shift through a spherical focus with THz pulses was reported. We also
observed the Gouy phase shift in a focused single cycle THz pulse by varying the position of
the detection crystal through the focus i.e. at the sample position (see Fig.3.4 top panels).
Here, we demonstrate the eﬀect of the Gouy phase on the outcome of optical pump-
THz probe experiments. Let us consider a prototype optical pump-THz-probe experiment
as schematically shown in Fig. 3.2. A single-cycle THz pulse is generated by optical rectiﬁca-
tion in a non-linear crystal such as ZnTe, GaP, or GaSe, imaged by some optics onto the sample,
where it is overlapped with an optical pump-pulse, and the generated 3rd-order ﬁeld E(3)(t) is
imaged another time onto the detection crystal. The one dimensional nonlinear interaction in
the sample can be described by the usual convolution of the laser pulses with a system response
function R(t′, t′′) [42]:
P (3)(t) ∝
∫ ∞
0
∫ ∞
0
ETHz(t− t′′)Ipu(t− t′)R(t′, t′′)dt′dt′′ (3.2)
Here, Ipu(t) = |Epu(t)|2 is the intensity proﬁle of the pump pulse, ETHz(t− t′′) is the THz pulse.
We want to measure the system response function as it gives information about the system. In
order to deduce the system response function, deconvolution of the measured ﬁeld is required,
which means we need to know very accurately the THz pulse i.e ETHz(t) at the sample position,
including its phase. This is where the Gouy phase shift comes into play.
SampleGeneration
Crystal
Detection
Crystal
Pump pulse
0 z
Figure 3.2: Scheme of a optical-pump-THz-probe experiment. The displacement z is measured relative to the
middle focus.
In an idealized realization of Fig. 3.2, the Gouy phase shift would not matter since both
generation and detection crystal as well as the sample are in the focus of the imaging optics
and typically are thin, so the Gouy phase is the same in all three positions.
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3.2 Relevance of the Gouy phase
In the context of our experimental consideration, one can assume that the exact positioning
of the sample does not matter, since a Gouy phase introduced in ETHz(t) is compensated by the
corresponding Gouy phase that the emitted ﬁeld E(3) accumulates on its way to the detection
crystal. Mathematically, the Gouy phase can be described by adding a phase φ to a propagating
ﬁeld in a 1D description. Hence, one would just add a phase factor eiφ to Eq. 3.2
eiφP (3)(t) ∝
∫ ∞
0
∫ ∞
0
eiφETHz(t− t′′)Ipu(t− t′)R(t′, t′′)dt′dt′′ (3.3)
eiφ can be pulled in front of the integral and and hence would cancel with a compensating
phase e−iφ for the emitted ﬁeld. However, physical electric ﬁelds are real-valued. Using complex
electric ﬁelds simpliﬁes many calculations, but is rigorously correct only as long as linear optics
is considered.
In the case of slowly varying envelope approximation (SVEA), the envelope of the forward
moving pulse varies slowly in time and space as compared to the period/wavelength of the
carrier wave. Electric ﬁeld of the pulse can be expressed as:
E(t) = E0(t)cos(ω0t) (3.4)
But for very short pulses, it is no longer meaningful to write them as an envelope times a
carrier frequency (as Eq.3.4) because such a pulse would have a non-vanishing amplitude at
zero frequency and whenever the time duration of E0(t) gets in the same order of magnitude
as 1/ω0. Consequently, we can not introduce a phase by simply writing:
E(t) = E0(t)cos(ω0t+ φ) (3.5)
Alternatively, we can transform the real ﬁeld into the complex ﬁeld <E(t)→<E(t)+i=E(t) (as
in a Hilbert transformation)1. That means, the ﬁeld is Fourier-transformed into the frequency
domain, the negative frequencies are zeroed, and the ﬁeld is Fourier-transformed back into the
time-domain, which will result in a complex-valued representation of the ﬁeld (tilde indicates
a ﬁeld is complex). The phase factor may then be added and the real part be taken:
E(t)
FT−−→ E(ω)→ Θ(ω)E(ω) FT−1−−−→ E˜(t)→ <(eiφE˜(t)) (3.6)
where Θ(ω) is Heaviside step function2. Now, this sequence of operations is not equivalent
to Eq.3.5, if the slowly varying envelope approximations breaks down. In other words, the
operation Eq. 3.2 and Eq.3.6 do not commute. If they would commute, then one could ﬁrst
transform ETHz(t) into a complex ﬁeld E˜THz(t), plug it into Eq.3.2 including the phase factor
eiφ, add a phase factor e−iφ to the generated third order polarization P˜ (3)(t) in order to describe
the compensating Gouy-phase, which then would cancel:
ETHz(t)→ eiφE˜THz(t) Eq.3.2−−−→ eiφP˜ (3)(t)→ e−iφeiφP˜ (3)(t)→ <(P˜ (3)(t)) (3.7)
1Hilbert transform is linear operator that transforms a real valued function to its imaginary counter parts.
2It is a discontinuous function, whose value is zero for negative argument and one for positive argument.
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The correct treatment of the problem is ﬁrst transforms ETHz(t) into a complex ﬁeld E˜THz(t),
adds a phase factor, but then plugs only the real part <(eiφE˜THz(t)) into Eq. 3.2, and ﬁnally
repeats the compensating phase shift for P (3)(t):
ETHz(t)→ Re(eiφE˜THz(t)) Eq.3.2−−−→ P (3)(t)→ e−iφP˜ (3)(t)→ <(e−iφP˜ (3)(t)) (3.8)
Both lines of operations do not necessarily reveal the same result. Thus, the Gouy phase eﬀect
does not cancel out when slowly varying approximation breaks down as in case of single cycled
THz pulses.
3.2.1 Linear Response
In the case of linear response the eﬀect of Gouy phase vanishes. In the most simple approxi-
mation of linear response, the ﬁrst order polarization in the time domain is:
P (1)(t) ∝
∫ ∞
0
ETHz(t− t′′)R(t′′)dt′′ (3.9)
The above integral is a convolution of 1D functions, hence convolution theorem3 applies. In
frequency domain, it can be written as:
P˜ (1)(ω) ∝ E˜THz(ω)R˜(ω) (3.10)
where E˜(ω) and R˜(ω) are the Fourier transformations of the corresponding functions in Eq. 3.9.
Treating the above equation according to Eq.3.6, the negative frequencies are then zeroed:
P˜ (1)(ω) ∝ Θ(ω)E˜THz(ω)R˜(ω) (3.11)
As they are simple product in the frequency domain, hence all the operation in Eq.3.11 commute
in frequency domain as well as time domain. Therefore Eq.3.7 and Eq.3.8 give similar results
and the Gouy phase induced in input ﬁeld is compensated by that of the emitted ﬁeld. Thus
the measured linear response does not depend on the exact positioning of the sample in the
focus in Fig.3.2.
3.2.2 Pump-probe Response
To simplify matters in a pump-probe response, we consider the system response function to be
inﬁnitesimally fast so that it can be approximated to δ-function:
R(t′, t′′) = δ(t′)δ(t′′) (3.12)
The third order polarization in time domain described in Eq.3.2 reduces to:
P (3)(t) ∝ ETHz(t)Ipu(t) (3.13)
3Convolution theorem states that, Fourier transform of a convolution is the product of the Fourier transforms
i.e. FT(f⊗g) = FT(f).FT(g) / The Fourier transform of a product is the convolution of the Fourier transforms
i.e FT(f.g) = FT(f)⊗FT(g)
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According to the convolution theorem, a simple product in the time domain will become con-
volution in the frequency domain:
P˜ (3)(ω) ∝ E˜THz(ω)⊗ I˜pu(ω) (3.14)
Here, applying the Hilbert transformation before and after the convolution does not yield similar
result.
Θ(ω)
(
E˜THz(ω)⊗ I˜pu(ω)
)
6=
(
Θ(ω)E˜THz(ω)
)
⊗ I˜pu(ω) (3.15)
Hence, the Hilbert transformation and nonlinear interaction described in Eq.3.2 do not com-
mute. Thus the Gouy phase in the input ﬁeld is not compensated by that of the emitted ﬁeld
and the nonlinear (pump-probe) interaction does depend on the exact positioning of the sam-
ple at the focus. However, the Gouy phase eﬀect is not relevant in pump-probe studies where
multi-cycle pulses are used.
Sample
Figure 3.3: Optical (blue) and THz pulses
(red) at the focus. Green curve indicates the
Gouy phase change.
For a typical THz experiment, one wants to achieve
high intensities of the pump-light in the sample to ex-
plore its nonlinear response, the THz pulse is often im-
aged with high-aperture optics to achieve a small focus
as shown in the Fig.3.3. The Gouy phase changes on a
scale that equals the Rayleigh length, which in turn is
of the order of the wavelength of the THz light if the
aperture approaches 1. That is, the accumulated Gouy
phase shift in the input THz ﬁeld ETHz(t) before the
sample does not cancel out in the signal propagation
after the sample. Consequently, the positioning of the
crystals and the sample is critical within ≈ 100 µm for
these THz experiments.
3.3 Experimental veriﬁcation
The experimental setup which has been discussed in chapter 2 is used to study the eﬀect of
Gouy phase on a pump-probe signal. Here, we used Raman pump- THz probe response of water
as an illustrative example. The relevance of such experiment for water structure and dynamics
will be explored in much more detail in chapter 5. Brieﬂy, in this experiment a Raman interac-
tion induced by 800 nm pulse excites a coherence in low frequency modes of hydrogen-bonded
water network that is switched to another coherence by subsequent THz pulse and ﬁnally read
out by the emission of THz ﬁeld. The experiment is termed as 2D Raman- THz spectroscopy as
it allows one to determine the correlations among the various degree of freedom. A full 2D data
set has been measured in chapter 5, while here, we show only 1D scans along the pump-probe
delay time (t1 or tpp) with the detection time (t2 ) kept ﬁxed to the position where the signal
is maximal.
As discussed in section 2.5 of chapter 2, a half-cycled THz pulse was imaged by ellipsoidal
mirror onto 40 µm thick water jet, which was pumped by an intense 800 nm pulse through
a non-resonant Raman process. Due to the high-aperture of the ellipsoidal mirror (NA ≈
26 3.3 Experimental veriﬁcation
1), the THz pulse could be focused onto a spot of diameter ≈240 µm. The beam size of
the Raman-pump pulse (diameter 300 µm) was adjusted to match the spot size of the THz
pulse in the focus. Because of its much shorter wavelength, the beam size can be considered to
be essentially constant in the range around the focus which is relevant for the present discussion.
In order to measure the induced Gouy phase in the input THz ﬁeld ETHz(t) directly at
the sample position, the detection crystal was put at the sample position instead of water jet.
In that case, the positioning of the detection crystal relative to the water jet was measured
with the help of a confocal chromatic measurement sensor (ConfocalDT, micro-epsilon) that
provides a few micrometers resolution.
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Figure 3.4: Top panels: THz pulses (red) at various positions relative to the focus from -500 µm to +500 µm.
The phases φ of these pulses have been estimated by taking the pulse at z=0 µm and adding a phase that has
been varied to give the best ﬁt (black dotted lines). Bottom panels: Raman pump-THz probe signal (blue) from
water at various z positions in dependence of pump-probe delay tpp between the peaks of the Raman-pump and
the THz probe pulse. The detection time t was kept ﬁxed at 50 fs relative to the peak of the transmitted THz
pulse, where the signal is maximal.
The red lines in the Fig.3.4, top row, show the measured input THz pulse at various positions
relative to the focus from z=-500 µm to z=500 µm, where we assumed the focus z=0 µm to
be the position where the pulse is symmetric (the displacement z is deﬁned in Fig.3.2). As we
move away from the focus in both directions, the phase of the THz pulse changes. Here, the
black dotted lines take the pulse at z=0 µm and add a phase φ that was varied to give the
best match with the red lines. As can be seen, a simple phase shift can very well describe the
Gouy phase of the THz pulse as the crystal is moved through the focus. Between z=-500 µm
to z=500 µm, the Gouy phase changes from ≈0.3pi to ≈-0.3pi.
The fact that a simple Gouy phase shift can indeed describe the eﬀect of moving the detec-
tion crystal through the focus quite well proves that eﬀects of a changing frequency-dependent
overlap between pump pulse and the THz probe pulse do play only a minor role, owing to
the high-aperture THz optics (red and black dotted lines in Fig.3.4 would match exactly if the
spectral amplitude would not change at all.)
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Fig.3.4 bottom row, shows the eﬀect of the Gouy phase shift on the resulting Raman pump-
THz probe signal. Between the various measurements of Fig.3.4, bottom row, nothing has been
touched in the experimental setup except for the crystal or the jet that has been moved by
the indicated distance. As a trivial result, when the water jet is moved oﬀ-focus, the signal
size diminishes due to the smaller spatial overlap between pump and probe pulses. More
importantly, however, the shape of the response changes quite a bit. For example a quite sharp
response is found at z=0 µm, the signal at z=-500 µm might be misinterpreted as relatively
slow decay. Interestingly, it is these z=-500 µm data which exhibit the slowest decay, despite
the fact that the THz pulse is slightly shorter (Fig.3.4, top row) due to a somewhat smaller
overlap of the lower frequency components when being oﬀ-focus. Hence the eﬀect is opposite to
what would be expected if a frequency-dependent overlap would be the origin. Fig.3.4, bottom
row, clearly shows that the exact positioning of the sample does matter for the outcome of
optical pump-THz probe experiments.
3.4 Conclusion
We show experimentally that the Gouy phase plays a signiﬁcant role in altering the strength
and shape of the desired signal, particularly when high-aperture imaging optics are used. Thus,
in order to avoid the severe perturbation of measured signal in optical pump-THz probe spec-
troscopy, great care should be taken to precisely position the generation and detection crystals
as well as the sample in their corresponding foci.
As discussed in section 3.2, the Gouy phase eﬀect occurs only when single-cycle probe pulses
are used, i.e. when the slowly varying envelope approximation breaks down, while it disappears
for multi-cycle pulses. The eﬀect is thus most relevant in THz time-resolved spectroscopy,
where such single cycle pulses are most commonly used, but it should not be overlooked also
in other spectral regimes when correspondingly short pulses are involved.
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Chapter 4
Dipole solvation in water measured in the
THz regime
This chapter presents the experiments to investigate aqueous solvation upon photoexcita-
tion of Coumarin 343, which shows a charge transfer in the excited state. In particular, the
rearrangement of the hydrogen bond network of water around the dye is addressed and the
diﬀerence between the solvation time (τs) and Debye relaxation time (τD) is pointed out. The
aim of the experiment is to demonstrate how the low frequency hydrogen bond dynamics in
water can be reached directly by using UV-pump THz-probe spectroscopy. The measured THz
response of water is analysed with particular emphasis on the Debye relaxation of water.
4.1 Introduction
Solvation of molecules in water is at the heart of countless molecular phenomena and of
critical importance to understand diverse issues of chemical reactivity or biomolecular func-
tions. In many important chemical and biological processes, it is essential to understand the
time-dependent response of polar solvents upon changing charge distributions in polar solute
molecules in order to study the rate of reaction. Since the availability of ultrashort laser pulses,
various linear and nonlinear spectroscopies (involving more than two pulses) have been devel-
oped to investigate the solvation dynamics of many solvents [13,14,27,67]. Among these tech-
niques, time dependent ﬂuorescence Stokes shift spectroscopy is extensively used to study the
polar solvents like water in which solvation relaxation is studied by measuring the time-resolved
emission spectra of ﬂuorescing probe molecules that have signiﬁcantly diﬀerent dipole moments
in the excited state (S1) upon excitation as compared to the dipole moment in ground state
(S0). Relaxation of solvent polarisation around the excited dipole results in the time-dependent
red shift of the ﬂuorescence spectrum.
A simple depiction of dynamic Stokes shift is represented in Fig.4.1. Physically, the process
of solvation of a solute can be understood as follows. Initially, a solute chromophore in its ground
state S0 is in equilibrium with the surrounding solvent molecules. When the solute-solvent
assembly undergoes an optical Franck-Condon transition upon excitation to S1, the equilibrium
charge distribution of the solute is instantaneously changed but the solvent molecules still
retain their previous spatial and orientational conﬁguration. This conﬁguration results in a
non-equilibrium situation for the system because the free energy curves are displaced with
respect to each other. Therefore subsequent to the excitation, the solvent molecules rearrange
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and reorient themselves to stabilize the new charge distribution in the excited state S1 on time
scale denoted as solvation time τS.
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Figure 4.1: Schematic illustration of the dynamic Stokes shift of a dye molecule (orange sphere) in a polar
solvent. The grey thick arrows indicate the arrangement of solvent molecule around the solute. After promoting
a thermalized ensemble onto the excited S1 state, it relaxes with the solvation time τS , resulting in a time-
dependent red-shift of the ﬂuorescence (dashed arrows). The inset (bottom right) shows the red shift of the
ﬂuorescence spectrum with respect to time by the virtue of the decrease in the energy of the solute due to
progressive solvation.
As the ensemble relaxes, the energy gap between the S1 and S0 free energy surfaces de-
creases, which can be observed experimentally as a time-dependent red-shift of the ﬂuorescence
or stimulated emission.
A dynamic Stocks shift technique for studying solvation dynamics of a Cumarine dye in
water had already been formulated by Maroncelli and coworkers [14]. They reported the initial
part of the solvent response of water to be extremely fast (few tens of fs) with subsequent
relaxation in ps which is further complemented by other related studies concluding that wa-
ter is among the fastest of solvents. However, all these studies on the solvation dynamics are
done from a solute perspective. To investigate the solvation dynamics of water with completely
diﬀerent angle, with the solvent perspective, we implemented transient THz spectroscopy to
probe directly the relaxation of hydrogen bonded network of water as the solvation proceeds.
Both perspectives might actually be very diﬀerent, which can be seen from the fact that the
solvation time τS (obtained from dynamic Stokes shift) and the Debye relaxation time τD may
deviate signiﬁcantly. The Debye relaxation time is related to the orientational relaxation of
solvent molecules.
A continuum model has been applied to explain the time dependence of the solvation energy
in terms of macroscopic properties of the solvent, such as the dielectric constant and Debye
relaxation time. Assuming a continuum model for solvation and a single Debye process of the
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solvent, solvation is proportional to so called longitudinal relaxation time, τL [23,68,69] which
is given by:
τL =
2∞ + 1
20 + 1
τD (4.1)
where 0 is the dielectric constant of the solvent including orientational polarizability and
∞ the dielectric constant from only the electronic polarizability of the molecule. Thus τL is
derived via theoretical relation from experimental value of the dielectric relaxation time τD.
For polar solvents, 0  ∞, thus Eq.4.1 predicts large separation between τL and τD. The time
scale separation between solvation time and the orientational relaxation of solvent molecules is
based on the very nonlinear dependence of the reaction ﬁeld R on the dielectric constant  in
Onsager's reaction ﬁeld model:
R =
2
r3
− 1
2+ 1
µ (4.2)
where r is the radius of the assumed Onsager sphere and µ the dipole of the molecule.
Eq.4.1 can be obtained by plugging in frequency dependent dielectric constant of a single Debye
process(Eq.4.3) to the Onsager reaction ﬁeld from the quasi static boundary value calculation
[69].
(ω) = ∞ +
0 − ∞
1− iωτD (4.3)
The nonlinear dependence in Eq.4.2 describes the saturation of the solvent response due to
screeing eﬀect;i.e., if  is larger than 1 (like water), already the ﬁrst solvation layer solvates a
solute by generating a reaction ﬁeld R in such a way that the ﬁeld of the solute's dipole is no
longer seen by molecules beyond the ﬁrst solvation layer. If the  gets smaller, the size of the
solvation layer will get larger, but in a way that R will stay almost the same (except  →1).
In 1977 Onsager suggested that solvation (of an electron) proceeded on range of time scales
in such a way that the polarization relaxation of solvent molecules closer to a newly created
ion occurs slower than those which are far away [70]. A detailed Mean Sphere Approximation
(MSA) theory by Rips et al. [71] suggested that for a single Debye response, nonexponential
solvation occurres with short-time response close to τL and long time response close to τD.
Water is considered among the fasest solvents. According to the continuum model, Eq.4.1
predicts a longitudinal relaxation time for water τL=240 fs (with 0 ≈80 and ∞ ≈1.8 and τL
= 8.3 ps [72]), which is quite close the experimentally observed average solvation time of 400
fs [31]. From that one may conclude that the reason for the fast solvation time in water is in
fact its large dielectric constant, and not its orientational dynamics per se, the latter of which
not being particularly fast with τD = 8.3 ps [72].
In order to study aqueous solvation from the water perspective, we optically excite a dye
molecule and observe the response of water by transient THz spectroscopy. The THz spectrum
of water is related to the dipole-dipole correlation function, whose long-time tail decays expo-
nentially with the Debye relaxation time τD. When transiently measuring the THz spectrum
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of water after exciting a dissolved dye molecule, the expectation is that we observe τD rather
than τS.
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Figure 4.2: Molecular structure
of Coumarin 343.
For rigid dye molecules with high ﬂuorescence quantum yield
in polar solvents such as water, the dynamic Stokes shift is
dominated by the relaxation of the solvation degrees of free-
dom, rather than by intramolecular degrees of freedom, which
is why it does not really matter which particular dye is used as
a sensor of the solvent response. However, for the purpose of
the experiment presented here, the solute needs to satisfy cer-
tain criteria stated below. Coumarin dyes have been shown to
be excellent ﬂuorescent probes for studying solvation dynam-
ics [13, 14, 73] in dynamic Stokes shift studies. Therefore we
chose Coumarin 343 as solute. Its molecular structure is shown
in Fig.4.2. Upon photo-excitation it shows intramolecular elec-
tron transfer from the tertiary amine region to the carboxylic
region of the molecule.
The reasons for selecting Coumarin 343 are therefore as follows:
• It has a high extinction coeﬃcient at 400 nm as shown in its absorption spectrum in
Fig.4.3. Hence UV pump is used to excite the dye molecule.
• It is soluble in water to a certain extent. (Solubility is discussed in the subsequent
paragraph.)
• Upon photo excitation, it shows a signiﬁcant change in dipole moment (5.3 D) due to
intramolecular charge transfer.
• It is relatively rigid and stable and shows neither photoproduct nor isomerization during
the course of the experiment.
The solubility of Coumarin 343 in water is relatively low (∼ 1 mM) as it starts to form
dimers [74]. In order to increase its solubility to 5mM, we deprotonated the dye by adding
a base (1,4-diazabicyclo[2.2.2]octane, DABCO, 10 mM) to the solution. DABCO is a weak
nucleophilic base and it helps the Coumarin to remain intact, thus preventing the degradation
caused by the ring opening of the dye.
We measured the absorption and ﬂuorescence spectra of Coumarine 343 at the concentration
used in transient THz measurement (i.e 5 mM) as shown in Fig.4.3. From the peaks of the
absorption and emission spectra, the Stokes shift is determined. i.e. 3200 cm−1.
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Figure 4.3: Normalized absorption and emission spectra of a solution of deprotonated Coumarin 343 (5 mM)
with 10 mM DABCO in water at room temperature are represented by blue and green colour respectively. The
Stokes shift, as determined by the peaks of the spectra, is 3200 cm −1.
Time dependent DFT calculations show that the dipole changes by ≈5.3 D when exciting
from the ground to the electronically excited state, which agrees well with values reported
for the protonated form [75,76]. Note that the absolute dipole-moments of ground and excited
state are ill-deﬁned since the molecule is charged; when one chooses the center of nuclear charge
as origin, the dipole increases from 35.2 D in the S0 to 40.5 D in the S1 and both are essentially
parallel.
4.3 Experimental methods
4.3.1 Life times and quantum yields
Time-correlated single photon counting (TCSPC):
The sample was excited using a 394 nm pulsed picosecond diode laser source (Horiba Scien-
tiﬁc, DeltaDiode DD-395L) operating at a repetition rate of 8 MHz. The emission polarization
was adjusted to the magic angle (54.7◦) to minimize anisotropy contributions to the observed
decays. The emitted light was passed onto the emission monochromator and detection system
from the Fluorolog 3 instrument, which also allowed selection of a precisely detected wave-
length. The monochromator bandpass was adjusted to a photon count rate of ca. 1% or less
of the excitation frequency to avoid pulse pile-up eﬀects.
The dilute solutions of C343 with DABCO in water were measured in standard 1x1 cm
quartz cuvettes while the concentrated solutions of 5 mM C343 with 10 mM DABCO in water
were measured in a 1 mm path length quartz cuvette to minimize reabsorption, and were
excited at ca. 30◦ and measured in front face mode. Fig.4.4 shows the ﬂuorescence decays
and single exponential ﬁts of deprotonated Coumarin 343 in the dilute case (blue) and the
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concentration used in transient THz experiment (red, 5mM). Fitting in the case of the diluted
solution reveals a lifetime of 4.7 ns while for the concentrated solution it reduces to 3.9 ns.
The ﬂuorescence quantum yield of a dilute solution of deprotonated Coumarin 343 has been
determined to φF=85% with the help of a Quanta-φ integrating sphere calibrated with respect
to the reported quantum yield of Coumarin 153 in air-saturated ethanol at room temperature
(φF = 53 ± 4%) [77]. For the concentrated solution the quantum yield could not be reliably
measured due to the re-absorption of the ﬂuorescence light. However it can be assumed that it
is reduced by the same factor as the ﬂuorescence lifetime, i.e., η ≈ 70%.
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Figure 4.4: Fluorescence decay of deprotonated Coumarin 343 in the dilute case (blue) and at the concentration
used in the transient THz experiment (red, 5 mM). The data were ﬁtted to single exponential functions (thick
lines), revealing lifetimes of 4.7 ns and 3.9 ns, respectively.
4.3.2 Transient THz spectrosscopy
Fig.4.5 shows a schematic illustration of the UV pump-THz probe experiment. A 400 nm
beam initially excites the deprotonated 5 mM Coumarin with 10 mM DABCO in water at
ambient conditions. Upon excitation the dipole moment of the dye instantaneously changes
because of the intramolecular charge transfer, and than surrounding water molecules re-arrange
themselves to accommodate the new conﬁguration of the dye. Thus, the response of the water
can be recorded by monitoring the peak of the THz electric ﬁeld (probe) as a function of the
pump-probe delay.
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Figure 4.5: Schematic illustration of UV-pump THz probe experiment: 400 nm beam excites the sample (5
mM Coumarin 343 + 10 mM DABCO). Single peak point of the THz waveform is monitored by varying the
time delay between pump and probe to map out the response of water subsequent to excitation of the dye.
For the transient THz spectroscopy we essentially used the same setup as described in
chapter 2. 400 nm pump pulses were generated via frequency doubling in 0.5 mm thick BBO
crystal placed along the pump path. THz probe pulses were produced in a 0.1 mm thick GaP
(110) crystal, generating an almost perfect half-cycle pulse with a FWHM of ∼180 fs (see Fig.
4.8), and detected in a 0.5 mm thick ZnTe (110) crystal. The pump and probe spot sizes in the
focus were ∼ 200 µm. The sample, Coumarin 343 in DABCO solution was measured in a 40 µm
thick wire-guided jet [78] to avoid any contamination of the signal from window materials. In
order to check the linearity of the signal, the signal strength as a function of the pump energy
was measured as shown in Fig.4.6. The signal shows linear dependence until 4 µJ and starts to
behave non-linearly afterwords. Therefore energy of the pump pulses was set to 3.5 µJ, which
was safely within the linear regime of the detected signal (See Fig.4.6).
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Figure 4.6: Eﬀect of Pump-pulse energy at the peak of UV pump- THz probe signal. Signal shows linear
behaviour until 4 µJ and behaves non-linearly afterwords. Red line is drawn for visual guide only and is not a
ﬁt.
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Two diﬀerent pump sources were used. For experiments with ∼120 fs time resolution, pump
and probe pulses were derived from the same Ti:Sa laser system, and the pump-pobe delay was
changed with an optical delay line. For experiments with delay times up to 50 ns, two Ti:Sa
ampliﬁer systems were electronically synchronized [79], revealing an eﬀective time resolution of
10 ps due to the jitter in the synchronization.
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Figure 4.7: Relative change of the transmitted THz ﬁeld ETHz measured at the peak of the half-cycle THz
pulse after photoexcitation of Coumarin 343 (5 mM) and DABCO (10 mM) in water at ambient conditions. The
ﬁlled circles show the data measured with high time resolution up to 50 ps, and the open circles those measured
with two synchronized laser systems from 20 ps up to 50 ns. The red and blue solid lines show multi-exponential
ﬁts, leaving all time constants as free ﬁt parameters, while the ﬁt shown as a dashed red line ﬁxes the slowest
time constant to 3.9 ns, as determined from the ﬂuorescence decay (see Fig.4.4). The two data sets have been
stitched together by slightly scaling the second one, with the scaling factor determined from the solid line ﬁts.
The inset shows the spike around delay zero.
The transient THz signal from water after photoexcitation of the dye molecule is shown in
Fig.4.7, which is measured at the peak of the half-cycle THz pulse. Two data sets are stitched
together in this plot, obtained with the two diﬀerent pump sources described in experimental
methods, thereby covering the time-range from 100 fs to 50 ns. Around delay-zero, a pulse-
width-limited spike of increased THz absorption is observed (see Fig.4.7, inset). The spike does
not decay to zero completely, but leaves a small pedestal, which is hardly seen in the inset of
Fig.4.7. When looking closely and enlarging the data from 0 ps onwards as exhibited in the
main panel of Fig.4.7, we noticed that pedestal subsequently increases in two steps. The ﬁrst
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step, occurring with a time constant of 10± 3 ps, agrees within error with the Debye relaxation
time of water [72], while the second step can be ﬁtted to a process with 1.9 ns (Fig.4.7, solid
blue line). The signal stays constant from thereon.
4.5 Discussion
The transient THz signals from water after photoexcitation of the dye clearly show that
the surrounding water molecules relax with time scale of 9.5 ps, with a subsequent very slow
decay component of 1.9 ns and long lived constant signal. Let us ﬁrst consider the non zero
signal appearing at the later time of 10- 50 ns. Water is fully thermalized on a time scale of ns
over the distances that exceed the typical separation of neighbouring molecules [80]. Thus, the
non-zero signal remained at later time around 50 ns is attributted to the heating of the sample.
Indeed, it is established from stationary spectroscopy that the THz absorption cross-section
of water increases as a function of temperature [81]. In order to quantify the heating of the
sample, the calibration of this eﬀect for our experimental conditions was required. Therefore,
we measured the transmission of the THz pulse through a thermostated water cuvette of equal
thickness at various temperatures.
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Figure 4.8: Normalized THz pulse after transmitting through a thermalized 40 µm water cuvette with the
temperature varied from -10◦C to 30◦C in steps of 5◦C. The inset shows the peak intensity of the THz pulse
together with a linear ﬁt (red line) that reveals a slope of 4T/T = -7.5 x 10−3 K−1.
We observed a linear dependence of peak intensity with respect to temperature with a slope
of 4T/T = -7.5. 10−3 K−1 (see Fig.4.8). With that, one can estimate a total temperature
jump of ≈ 0.07 K from the size of the late-time pedestal of the transient THz data (Fig. 4.7).
That number agrees very well with an independent estimate (0.06 K) obtained from the num-
ber of absorbed photons per sample volume, their energy, the heat capacity of water and the
ﬂuorescence quantum yield of the dye.
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Calculation of temperature jump:
E = m.Cv.4T
Einput = 3.5 µJ; but Abs = 0.5 OD
Einput = 60% × 3.5 µJ = 2.1 µJ
E = Einput × (1-φ) ; φ = quantum yield = 85%;
E = 2.1 µ J × (1-0.85) = 0.315 µJ
m= ρ × vol. = pi × r2 × h = 1.25 × 10−6 g
where r= radius of the the pump beam and h= thickness of the sample
Cv = heat capacity at const. vol. = 4.18 J/ mg ◦C
4 T = E
m.Cv
= 0.06 K
Thus, the long-term constant signal and the second step indicate the electronic relaxation
of the dye. Since the ﬂuorescence quantum yield of the dye is not 100% (we determined a
quantum yield of η = 70%), the remaining fraction of dye molecules dissipate their electronic
excitation energy into the solvent by radiationless relaxation, thereby heating the solvent. The
ﬂuorescence lifetime, which can be measured much more accurately by TCSPC (3.9 ns, see
Fig. 4.4), deviates from the value obtained from the ﬁt of the transient THz data (1.9 ns). We
therefore also show in Fig.4.7 a ﬁt that ﬁxes the time constant of that process to 3.9 ns (black
dashed line), evidencing that this is still consistent with the relatively poor signal-to-noise ratio
of the transient THz data.
We believe that the observation of second process with the time-constant agreeing well
with the Debye relaxation of water is the most crucial part of the study. To discuss that we
come back to Fig.4.1. However, one should be cautious about the deﬁnition of diﬀerent terms
involved. The solvation time τS indicated in Fig.4.1 is not same as the Debye timescale τD
observed in the transient THz experiment. Fig.4.1 plots 'free energy', while heating measures
'energy'. Since solvation is largely entropy-driven, both terms may be very diﬀerent. But, the
entropy is function of solvation polarization coordinate and therefore free energy diﬀerences
along that coordinate are, in fact, the same as energy diﬀerences [23]. Thus, the dashed arrows
in Fig.4.1 indeed indicate the energy of the emitted ﬂuorescence photons. Note that the total
solvation free energy 4Fs is the same as the Stokes shift 4Es. However, the total solvation
free energy splits half/half for the solvation of the excited state and the re-solvation of the
ground state,(according to the linear response that reveals identical curvatures of the S0 and
S1 free energy surfaces) that is not necessarily true for the splitting of the total solvation energy.
Clearly, in Fig.4.7, the amplitude of the 10 ps step upon solvation of the excited state is
larger than the 3.9 ns step, despite the fact that the latter has contributions from both re-
solvation of the ground state and the radiationless relaxation of the (1-η)≈ 30% of molecules
that do not emit a photon. The temperature jump at late delay times (0.07 K) results from
an energy of ≈ 9300 cm−1 per excited molecule (i.e., MES +(1-η)EF ), where EF is the energy
of the ﬂuorescence photons. From the amplitude of the 10 ps process relative to the late-time
pedestal, one can then estimate that it dissipates ≈3800 cm−1, which coincides with roughly
the total amount of the Stokes shift 4Es (i.e., 3200 cm−1).
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In conclusion, it is demonstrated that solvation dynamics of water can be measured directly
by probing the hydrogen bond network by transient THz spectroscopy. As anticipated in the
introduction, one fact that the response time of water is close to its Debye relaxation time
rather than solvation time is indeed observed. This is clearly related to orientational motion of
water molecules around the altered dipole moment of the dye. The THz response also veriﬁes
the lifetime of the dye molecule, which was measured independently by TCSPC. Thus to a
certain extent, the solvation dynamics measured from the water perspective complements the
investigations done from the solute perspective.
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Chapter 5
Two-Dimensional Raman-THz
Spectroscopy of Water
This chapter introduces the novel two-dimensional Raman-THz spectroscopy which is used to
explore the dynamics of low frequency, intermolecular modes of water in a collective manner.
This work has been published in Proceedings of National Academy of Sciences, see Ref. [82].
Water shows many anomalies in its nature due to its ability to form tetrahedral structure
with the hydrogen bonds as discussed in the introductory chapter. The discussion about the
origin of these anomalities is extremely controversial. It started already more than 100 years
ago [32], when the properties of water were attributed to two polyamorphic states of water, a
low-density liquid (LDL) and a high-density liquid (HDL). From the experimental point of view,
as mentioned in section 1.3 of the introductory chapter, two techniques have provided many
insights into the structure and dynamics of water: X-ray absorption [35] and scattering [37,38]
techniques as well as ultrafast multidimensional IR spectroscopy [710, 40]. Multidimensional
IR spectroscopies generally exploit the OH (or OD) stretch vibration as local sensors to the
strength of the hyrogen bond network [6,83] and it has been established from these techniques
that the typical lifetime of the hydrogen bond is ≈1 ps. This is very local way of probing the
hyrogen bonded environment. On the other hand, the low-frequency spectrum of water using
Raman or THz absorption reports on the intermolecular degrees of freedom in a much more
direct manner [72,8486].
However, in order to uncover the ambiguity regarding the homo- or hetrogeneity within the
collective motions of the water network, multidimensional spectroscopy in the low frequency
regime is required [87]. Along this direction, 2D-Raman spectroscopy has been proposed [88],
but turns out to be experimentally very challenging [8992] and has not been realized for water.
With the advances in the generation of strong THz ﬁelds [93] required for a nonlinear interac-
tion, various multidimensional THz techniques have emerged recently, but their applicability is
currently limited to semiconductor solids [94] or molecules in the gas phase [95]. A hybrid 2D
Raman-THz spectroscopy has been proposed [96, 97] by our group, based on MD simulations
that circumvents the technological limitations of both 2D Raman and 2D THz spectroscopy.
Here, we present the experimental 2D Raman-THz response of liquid water.
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5.1 Experimental method
Before going into technical details of the experimental method, it is important to understand
certain spectroscopic concepts which are used for this investigation.
5.1.1 Pulse sequences
In 2D Raman-THz spectroscopy, two short laser pulses hit the sample: a nonresonant
800 nm pulse (Raman) and a resonant half-cycle THz pulse. The ﬁrst laser pulse that hits
the sample (this can be the Raman or THz pulse), but if it is Raman pulse, it induces a
Raman transition and excites an intermolecular vibrational coherence. After time t1, the second
pulse (THz or Raman, respectively) interrogates the molecular system a second time, and the
resulting coherence state is read out at time t1 + t2 by the emission of a THz ﬁeld. In terms
of pulse sequencing, two possibilities can appear, i.e Raman-THz-THz and THz-Raman-THz
pulse sequences, respectively as shown in Fig.5.1. Both pulse sequences, may in principle induce
the same coherence pathways with varying probabilities due to the diﬀerent selection rules of
Raman and THz interactions [97].
-t1 t2
THz-Raman-THz
t1 t2
Raman-THz-THz
Figure 5.1: 2D Raman-THz Pulse Sequences. (Red: THz Pulses; Blue: Raman Pulses)
The most signiﬁcant aspect of any of these pulse sequences is the switching of coherences
induced by the second pulse, which ultimately allows one to correlate various degrees of free-
dom with each other. Most importantly, if the spectrum of collective intermolecular modes
is inhomogeneously broadened due to hydrogen-bond network patterns, the second pulse may
rephase the coherence induced by the ﬁrst pulse, giving rise to an echo [98].
5.1.2 Appearance of an echo
The concept of an echo can be understood as follows. When the ﬁrst pulse interacts with
the sample, it generates coherence i.e the spectroscopic transitions of all molecules starts to
oscillate in phase. As the time progresses, these oscillations run out of phase, resulting in the
dephasing of coherences with respect to time and the oscillations become out of phase. Then
a second pulse arrives at time t1 after the ﬁrst pulse and interact with the sample. This pulse
inverts the coherence of the molecules. Thus, after the second pulse, fast molecules before the
inversion will catch up to the speed of the molecules which were slower resulting in rephasing
of the coherence. Rephasing signal appears at time t1 = t2 and hence it is called as an echo.
Appearance of an echo is a hallmark of inhomogeneity in various degrees of freedom.
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Figure 5.2: Raman-THz-THz pulse sequence: The appearance of an echo at t1=t2 represents the ability of
the system to rephase the coherence after second light perturbation. Fig. adapted from ref. [99]
In the context of the discussion above, consider Raman-THz-THz pulse sequence shown
in Fig.5.2. Two non-resonant ﬁeld interactions induce a Raman transition and excite an in-
termolecular vibrational coherence, which quickly dephases. After a time t1, the system is
perturbed a second time by a THz ﬁeld interaction, and is then read out along t2 by the emis-
sion of a THz ﬁeld. The amount of inhomogeneity can be monitored through the extent of the
signal along the diagonal t1= t2 in terms of 'echo', which reﬂects the ability of the system to
rephase the coherence after the second perturbation [87].
5.1.3 Experimental technique
We measured the 2D Raman-THz response of liquid water at ambient conditions. We used
the same experimental setup which is described in chapter 2. It is not diﬀerent from an optical-
pump-THz-probe experiment [54], except that the Raman pump pulse is non-resonant and, as
such, excites a vibrational coherence. For the generation of THz pulses two identical 0.1 mm
thick (110) GaP crystals are used. GaP crystals generate almost perfect half-cycle THz pulses
without any ringing (unlike ZnTe crystals) as shown in Fig.2.5. The appearance of ringing in
the THz pulses would make it diﬃcult to diﬀerentiate between the 2D Raman-THz response
and the IRF (Fig.5.5 and 5.6). GaP crystals produce signiﬁcantly less THz light than the more
commonly used ZnTe, making it harder to measure the small signal, but we considered the
cleanness of the pulses to be more important. The setup was optimized for a high detection
sensitivity (the peak of the emitted 3rd-order ﬁeld was ≈ 4 × 10−4 of that of the input THz
pulse) and low dispersion for as close an approximation as possible to a half-cycle THz pulse.
Approximately 200 µJ per pulse of the laser output was used as the Raman pump pulse,
which was passed through an optical delay stage controlling time t1. The Raman pulses were
focused to a spot size of 250 µm and coupled to the sample collinearly with the THz pulses.
An auto-correlation measurement (using an AC-1PS auto-correlator from UVisIR Inc.) and a
Gaussian ﬁt with a FWHM of about 150 fs of the Raman pulse are shown in Fig.5.3. Assuming
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Gaussian pulses, this corresponds to a pulse duration of ≈110 fs FWHM. Importantly, the
Raman pulses are very clean with essentially no wings. If wings were present, they would show
up in the diagonal cut of the IRF in Fig.5.5b because is in fact the convolution of molecular
response function with the laser pulses. The same pulse is also used to generate the THz-pulse
in the ﬁrst GaP crystal.
Figure 5.3: Raman pulse measured by autocorrelation setup (black dots) and Gaussian ﬁt (red line).
The transmitted THz ﬁeld and the generated 2D Raman-THz ﬁeld are additive and thus the
2D Raman-THz signal can be calculated as a diﬀerence between the pumped and un-pumped
sample.(see eq2.11 of chapter 2)
5.1.4 Sample: Water jet
The water sample (triple-distilled water) ﬂowed in a windowless 40-µm thick gravity-driven
jet to avoid any extra artifacts from windows as well as any accumulative thermal eﬀects in the
excitation volume. Thickness of the jet was calculated by [100]:
∆t = tsample − tref = (n− 1)
c
D (5.1)
Where tsample and tref are the temporal positions of peak maximum of THz signals with
and without sample respectively, n = 2 is the refractive index of water at THz wavelength, c is
the velocity of light and D is the thickness of the sample.
The thickness of the jet gets modulated during the time of scanning due to water evapo-
ration, which in turn changes the water level in the reservoir and hence the pressure of water
delivered to the jet. In order to avoid such modulations, the amount of water in the reser-
voir was controlled by continuously adding small amounts of water with a syringe pump. All
measurements were performed at room temperature.
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5.2 Results
Fig.5.5 shows the experimental results of the 2D Raman-THz response of liquid water at
ambient temperature. In order to make sure that the response measured is the desired one,
signal strength as a function of the Raman pump pulse irradiance needed to be checked.
5.2.1 Raman pump power dependence
In order to obtain a measurable signal, high irradiance is required, but it may photoionize
the water, resulting in the generation of solvated electrons. These solvated electrons may in-
teract with the sample and/or the THz pulses leading to unwanted signals. The generation of
solvated electrons is a multiphoton process, and thus the appearance of the signal shows non-
linear behaviour with respect to pump pulse intensity as shown in Fig.5.4 a. When increasing
the pump pulse irradiance beyond 1 TW/cm2, we do observe a signal that looks qualitatively
very diﬀerent from the Raman signal (Fig.5.4 c). This signal is due to the solvated electrons
resulting from the photoionization of the water, with a threshold of above 1 TW/cm2 for 800
nm pulses. Detailed descriptions of the generation of solvated electrons and their interactions
are described in the publication included in Appendix A.5 [101].
On the other hand, the 2D Raman-THz signal has two ﬁeld interactions with the Raman
pulse, thereby showing linear dependence on pump pulse intensity. Therefore we critically
veriﬁed the linearity of the desired signal by varying the Raman pulse intensity with a variable
neutral density ﬁlter. The result in Fig.5.4 b indeed reveals a linear behaviour in a regime
below ca.1 TW/cm2, indicating that the signal is the desired 2D Raman-THz response. We
thus conclude that it is possible to detect the 2D Raman-THz signal free from the response of
solvated electrons in the water sample. The 2D Raman-THz response of Fig. 5.5 a has been
measured at a pump irradiance of 0.6 TW/cm2, which is safely within the linear regime.
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Figure 5.4: a) Peak of the signal with respet to pump-pulse irradiance showing nonlinear behaviour beyond 1
TW/cm2 b) Raman-pulse irradiance dependency of the peak of the 2D Raman- THz signal. c) Disappearance
of solvated electron signal and emergence of Raman induced signal upon reducing the Raman pump pulse
irradiance.
5.2.2 2D Raman-THz response of water
The generated half-cycle THz pulses cover the hydrogen-bond bend mode at 60 cm−1 and
a signiﬁcant part of the hydrogen-bond stretch mode at 200 cm−1. They however miss the
librational band at 600 cm−1(see Fig.1.5). The Raman pump pulses with a length of 110 fs
46 5.2 Results
FWHM (Fig.5.3) cover a somewhat larger frequency range up to ∼9 THz (300 cm−1).
In order to get the required 2D Raman- THz response we used two delay stages in the
experimental setup (Fig.2.6). D1 scans the delay between the Raman and THz pulses at the
sample (t1), and D2 scans the delay between the THz input pulse at the sample and the emitted
ﬁeld (t2). In the experiment we scan t1 from negative to positive times, which means that the
signal before t1=0 comes from the THz-Raman-THz sequence and that after t1=0 comes from
the Raman-THz-THz sequence. The time t2 is deﬁned as the delay between the THz input
pulse and the emitted ﬁeld, and not necessarily between the second pulse and the emitted
ﬁeld, so that t2 ← t1 + t2 for t1 < 0. Therefore, the Raman-THz-THz sequence appears in
the upper-right quadrant with t1 > 0 and t2 > 0 (shaded in green in Fig. 5.5b), whereas the
THz-Raman-THz sequence appears in the upper triangle of the upper-left quadrant with t1 <
0 and t1 + t2 > 0 (shaded in gray in Fig. 5.5b).
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Figure 5.5: a) 2D Raman-THz response of water. The intensity scale is given in parts per million (ppm)
with respect to the maximum of the THz pulse ﬁeld transmitted through the water sample. The red dotted
line indicates the diagonal (t1 = t2), where the appearance of an echo is expected. The origin t2 = 0 is deﬁned
as the peak of the transmitted THz pulse, which is also measured during scanning. The origin t1 = 0 has
been adjusted to ﬁt with the instrument response function. Labels I -V indicate features discussed in the text.
b)The IRF, Raman (IRaman(t)) and input THz (ETHz(t)) pulses have been determined experimentally and are
shown as green lines on the top and left side, respectively. The black dotted line indicates the diagonal, the
grey shaded area is where the THz-Raman-THz sequence appears. The light green-shaded area is where the
Raman-THz-THz sequence is expected.
The nonlinear interaction in the sample can be described by the usual convolution of the
laser pulses with a molecular response function R(t′, t′′) [42]:
P (3)(t2; t1) ∝
∫ ∞
0
∫ ∞
0
ETHz(t2 − t′′)IRaman(t2 + t1 − t′′ − t′)R(t′′, t′)dt′dt′′ (5.2)
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where ETHz(t2− t′′) is the THz pulse, IRaman(t) the intensity proﬁle of the Raman pump pulse,
and t1 accounts for the experimentally controlled delay time between the peaks of the two
pulses.
The molecular response function R(t′′, t′) is the property we ultimately want to measure,
because it contains the molecular information. In order to extract R(t′′, t′), we need to precisely
know the input THz and Raman pulses entering Eq. 5.2, as well as how the emitted ﬁeld
propagates to the detection crystal [102]. In order to know about the emitted ﬁeld through the
detection crystal, we describe the generated 3rd order ﬁeld as a time-derivative of the 3rd order
polarization:
E(3)(t2; t1) =
d
dt2
P (3)(t2; t1), (5.3)
Eq.5.3 is valid when the eﬀect of dispersion and absorption is neglected. Dispersion and
absorption from the water jet can be introduced via a linear transfer function in the frequency
domain. That transfer function can be combined with those of the imaging optics and the
detection crystal [103], revealing a total transfer function Ttotal(ω2), with which we obtain for
the detected ﬁeld:
Edet(ω2; t1) = Ttotal(ω2)E
(3)(ω2; t1). (5.4)
The input pulses ETHz(t) and IRaman(t) as well as the transfer function Ttotal(ω) have been
determined experimentally (See supporting material Appendix A.4).
Evaluating Eqs. 5.2-5.3 for a hypothetical instantaneous response functionR(t′′, t′) = −δ(t′′)δ(t′)
reveals the instrument response function (IRF) of the setup(see Fig.5.5 b), for which the inte-
grals in the convolution Eq. 5.2 disappear:
P (3)(t2; t1) = −ETHz(t2) · IRaman(t2 + t1). (5.5)
Thus this third-order polarization, which is a product of the two pulses, extends along the
antidiagonal in the 2D representation of Fig.5.5b due to the argument t2+t1 in IRaman, reﬂecting
the arrangement of delay lines in the experimental setup, while Eq.5.4 is stretched toward the
positive t2. The time derivative Eq.5.3 is responsible for the minus-plus (blue-red) pattern in
the IRF in the t2 direction. One can see that the IRF in Fig.5.5b stays quite narrow in the
diagonal direction with t1 = t2, because the Raman pump pulse is signiﬁcantly shorter than
the THz pulse and it is clean without wings.
5.3 Discussion
Certain parts of the experimental data (Fig.5.5a) are similar to the IRF (Fig.5.5b). The
common feature in both the experimental data and the IRF, i.e., the spikes around t1 = t2 = 0
labeled as "I" in Fig.5.5a and the antidiagonal ridge labeled as "II," originates from a part of
the water response that is much faster than our laser pulses. This fast response is considered a
result of electronic polarizability as well as librational motion of water with a typical frequency
of 600 cm−1. In contrast, any feature beyond the IRF originates from a water response that
is slow enough to be observed with our time resolution. Three such features labeled III-V can
indeed be identiﬁed.
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Features III and IV extend along the positive t1 and t2 axes, and the simulation results from
ref. [96] suggest that these features essentially reﬂect the 1D Raman and 1D THz responses
respectively. The 1D Raman response decays on a typical timescale of 350 fs at room tem-
perature [84], which is in reasonable agreement with the decay of feature III. The long time
relaxation tail of the 1D THz response, on the other hand, decays much slower with 8 ps [72].
Due to the time derivative in Eq.5.3, we are very insensitive to such slow processes, so feature
IV probably reﬂects some of the oscillatory contribution of the 1D THz response. Hoeowever,
the feature V which extends along the diagonal t1 = t2 in the upper-right quadrant and contains
additional substructure is the most interesting feature.
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Figure 5.6: Cuts along the diagonal for the Raman-THz-THz pulse sequence, red for the experimental data
and black for the IRF. The data beyond 0.3 ps give an idea of the signal-to-noise ratio.Experimental signal (red)
decays with time constant of 100 fs.
Fig.5.6 highlights that feature by showing a cut along the diagonal with the decay of the
experimental data (red) being slower than that of the IRF (black). The diagonal t1 = t2 is
where an echo is expected. Echoes appear when a multimode system gets synchronized twice
by two perturbations separated by a time t1. As mentioned in section 6.1.2. an echo is emitted
at t2 = t1 revealing that the modes rephase upon a second perturbation. Thus, the feature V
is attributed to an echo, which suggests an inhomogeneous distribution among the collective
intermolecular hydrogen-bond modes in water. The decay of this echo is found out to be 100
fs. This indicates the extent of inhomogeneity of low frequency modes in water. In order to
verify this interpretation we measured the inhomogeneity of water structure by adding diﬀerent
salts with signiﬁcant concentrations. Detailed 2D Raman-THz study of various salts in water
is described in the publication included in Appendix A.6 [99].
If the lifetime of a single hydrogen bond is 1 ps as concluded from 2D-IR and related
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experiments on the OH stretch (or OD-stretch) vibration [9, 11, 12, 40], then the lifetime of a
tetrahedral water cluster with four hydrogen bonds can be as short as 250 fs agreeing with the
decay time observed in Fig.5.6.
5.4 Conclusion
In conclusion, we demonstrated that 2D Raman-THz spectroscopy is experimentally ac-
cessible with good signal to noise ratio. We believe that this represents the most decisive
spectroscopy as of today of the intermolecular structure and dynamics of liquid water. Cer-
tainly, in order to support these interpretations, more reﬁned theoretical attention is required.
The observed echo with the decay of 100 fs reveals the extent of inhomogeneity of the hydrogen
bonded network of water. However, 100 fs seems to be too fast to be compatible with the more
extended and persistent structure within the two state model has been deduced from X-ray
scattering experiments.
For future experiments, in order to cover larger frequencies of the absorption spectrum
of water, shorter Raman and THz pulses are required in an improved instrument. This can
be achieved by following a plasma generation and detection scheme [104] to fully cover the
200-cm−1- band as well as the librational band. Another approach could be to measure the
2D-Raman THz response of supercooled water, as the dynamics are expected to be slower and
thus easier to measure.
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Chapter 6
Concluding Remarks
6.1 Dissertation summary
The aim of this work was to contribute to a deeper understanding of the solvation and struc-
tural dynamics of water, speciﬁcally by probing the low frequency intermolecular hydrogen bond
mode of water directly by time-resolved THz spectroscopy as presented in introductory chapter
1. With the rising awareness of solvent-solute interactions, it is evident that the most of the
solvation dynamics studies are limited to solute degrees of freedom, and the area of investi-
gations from the solvent perspective remain void. Similarly, the controversies regarding the
existence of the bimodal structure of water, its heterogeneity and the lifetime associated with
its structural dynamics needed to be addressed. To shed some light on these curiosities, we used
time-resolved THz spectroscopy. To investigate ultrafast dynamics, high temporal resolutions
were required. The experimental veriﬁcation of the solvation and structural dynamics of water
in this dissertation leads to solid and unambiguous conclusions.
In particular, the experimental studies of this thesis contributed to the knowledge of aque-
ous solvation process and structure of water by:
- conducting UV pump-THz probe experiments of a dye molecule in water, which allowed
us to record the relaxation time of water upon photoexcitation of the dye.
- performing a hybrid 2D Raman-THz spectroscopy on neat water, in which the appearance
of an echo in 2D Raman-THz response allowed us to reveal the inhomogeneous behaviour of
hydrogen bond networks.
In order to catch the weak signal emanating from water, prior technical modiﬁcations were
required to the experimental setup. THz pulses, which serve as an indirect probe were, gener-
ated by optical rectiﬁcation and detected by electro-optical sampling by GaP or ZnTe crystals.
In order to achieve near-diﬀraction-limited THz ﬁeld spot size of about 200µm on the sample
and the detection crystal, an arrangement of two home-machined ellipsoidal mirrors were imple-
mented in the experimental setup. The sensitivity of electro-optic detection was enhanced by
introducing a sequence of Brewster windows mounted appropriately along the detection path.
We demonstrated that this arrangement of four ZnSe Brewster windows enhances the signal
by a signiﬁcant factor (∼20) in comparison to standard detection without Brewster windows.
51
52 6.1 Dissertation summary
The scheme is particularly useful when very small THz ﬁelds are to be measured in connection
with low-repetition rate ampliﬁed Ti:Sa laser systems. Further more, the experimental setup
was optimised to avoid perturbations caused by the Gouy phase shift. The Gaussian beam
acquires a total phase shift of pi along the propagation direction when it travels through the
focus. This eﬀect is called the Gouy phase shift. It is seen when high aperture optics are used
and is related to the single cycle pulses typically used in THz spectroscopy. We observed that
the Gouy phase shift signiﬁcantly alters the strength and shape of the desired signal. In order
to avoid such severe perturbation of the measured signal, we positioned the generation and
detection crystals, as well as the sample, precisely to their corresponding focii.
Using this novel modiﬁcations of the experimental setup, we performed a series of exper-
iments, focused on understanding the collective behaviour of hydrogen bonds and underlying
physical phenomena in water.
Water is a special solvent. Studies of its solvation dynamics have been pursued for the past
few decades using various techniques as described in the section 1.2 of the introductory chap-
ter. All those studies essentially demonstrated relaxation dynamics of water from a solute's
perspective. They reveal very fast dynamics of the order of a few tens of fs and later decay of ps
time scale. On the contrary, in chapter 5, solvation dynamics was studied from solvent (water)
perspective. Upon photo-excitation the dye molecules undergo intramolecular charge transfer
resulting in the reorientation of the surrounding water molecules. Here, hydrogen bonded water
molecular network was probed directly. One dimensional UV-pump-THz probe spectroscopy
was utilised to measure the relaxation of water molecules upon photoexcitation of the dye. The
transient THz signal in the time domain was measured with a time delay between the pump
and probe pulses ranging from 50 fs to 50 ns. The THz response from the water shows multi-
exponential decay of the order of 10 ps and a few ns. The ﬁrst decay is associated with the
Debye relaxation of water rather than solvation time and the second decay corresponds to the
life time of the dye (Coumarin 343). During the solvation process, the relaxation of the water
molecules occurs within the Debye relaxation time as a result of the complete reorientation of
the molecules. Thus in a way these ﬁndings complement the previous studies.
The next experiment described in chapter 6 used 2D Raman-THz technique to investigate
the intermolecular structure and dynamics of liquid water at ambient conditions. To disentan-
gle the complexity regarding the homo- or heterogeneous nature of the hydrogen bond network
of water, a development of 2D Raman-THz spectroscopy was realised, which essentially utilizes
the non-resonant Raman pump to excite the vibrational coherence and multiple perturbations
of the system leading to emission of THz ﬁelds. The 2D Raman-THz response of water was
measured by varying the time delay between Raman-THz pulse (t1) and the input-emitted THz
ﬁelds(t2). The appearance of an echo, observed at t1 = t2 reﬂects the ability of the heteroge-
neous system to rephase the coherence after the second perturbation. Thus, it demonstrated
the heterogeneous distribution of intermolecular hydrogen bond modes in water. Decay of the
echo was found to be 100 fs exhibiting the extent of inhomogeneity of low frequency modes of
water molecular network. Not unreasonably, with a ∼ 1ps life time of a single hydrogen bond
established from the 2D IR and related experiment (section 1.3 of the introduction), then the
lifetime of a tetrahedral water cluster with four hydrogen bonds can be calculated as 250 fs
asserting well with our experimental ﬁndings. However, the observed time scale at ambient
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temperature in our experiment seems too fast to be compatible with the two steady structures
assumed within the two state model of water.
Both experiments used the novel methods to tackle the problem of probing structural and
solvation dynamics of water in the low frequency regime. A direct probing approach of low
frequency vibrational modes by THz time-domain and time-resolved spectroscopy should help
to understand more complex systems.
6.2 Outlook for further studies
The direct studies of solvation and behaviour of the hydrogen bond network of water, pio-
neered in this dissertation provide a basis for extending these experimental methods to other
solutions as well as further development of the methodology itself.
Potential ideas to be brought into consideration include:
Water dynamics surrounding biomolecules:
Solvation plays an important role not only in chemical processes but also in most of the
important biochemical reactions which form the basis of life on this planet. The behaviour of
water in the proximity of biomolecules such as proteins [105], lipids and DNA, can be probed
to understand how their structural and functional properties are modiﬁed and the time scales
of such structural or functional modiﬁcation.
2D Raman-THz response of supercooled water:
The 2D Raman-THz response of supercooled water could be of immense interest because the
dynamics is going to be slower and more pronounced [11], and thus easier to measure. Proteins
has been shown to modify the THz spectrum [86]. It would be interesting to understand this
behaviour using 2D time-resolved THz technique.
From a technical aspect, to cover the larger frequencies of absorption spectrum of water,
shorter Raman and THz pulses are required in an improved instrument which can be achieved
by following a plasma generation and detection scheme [104] to fully cover the 200-cm−1- band
as well as the librational band.
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Appendix A
Publications
This Appendix is collection of all published journal articles which are the part of the research
work. A Description of the contributions to these publications by the author of this thesis is
given for each article.
A.1 Detectivity enhancement in THz electrooptical sam-
pling
Reprinted from ref. [59], with the permission of AIP Publishing LLC.
A.1.1 Contribution to this paper
• Sequence of Brewster windows in detection path of experimental setup was designed and
built by Saima Ahmed.
• Saima Ahmed performed the experiments.
• Saima Ahmed analysed the experimental data.
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Detectivity enhancement in THz electrooptical sampling
Saima Ahmed, Janne Savolainen, and Peter Hamm
Department of Chemistry, University of Zurich, Zurich, Switzerland
(Received 19 December 2013; accepted 7 January 2014; published online 24 January 2014)
We demonstrate and discuss a simple scheme that significantly enhances the detectivity of THz
electro-optical sampling by introducing a sequence of Brewster windows that increases the ellip-
ticity of the probe beam. By varying the window material or the number of Brewster windows, the
enhancement factor can be adjusted; we demonstrate an enhancement factor of ≈20 with four ZnSe
Brewster windows. The scheme is particularly useful when very small THz fields are to be measured
in connection with low-repetition rate amplified Ti:S laser systems. © 2014 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4862657]
I. INTRODUCTION
In recent years, there has been a tremendous develop-
ment in single cycle THz pulses produced from femtosecond
lasers1–4 with applications, for example, in imaging,5–7 in the
non-destructive detection of explosives,8 as well as in other
fields of spectroscopy.9, 10 In time-domain THz spectroscopy,
one often uses the generated single cycle THz pulses only as
bright light source with coherent detection, but one does not
make explicit use of the fact that it is also a short pulse. Op-
tical pump-THz-probe experiments, on the other hand, do so
and have been applied to study, e.g., phonon dynamics,11, 12
ultrafast carrier dynamics in various materials,13–19 other ex-
citations in strongly correlated materials,20, 21 as well as low
frequency vibrational dynamics in molecular liquids.10, 22, 23
Most time-resolved THz setups use light from a laser oscil-
lator for THz generation and detection, where the high rep-
etition rate and high stability of the laser help tremendously
to achieve very good signal-to-noise ratios. But as the field
moves towards nonlinear THz experiments and optical-pump-
THz-probe experiments, higher laser powers are needed that
call for amplified laser systems with much lower repetition
rates. At the same time, the emitted THz fields originating
from a nonlinear interaction might be very weak. On the other
hand, too much of single pulse energy is available from am-
plified laser systems as probing light for electro-optical sam-
pling that would saturate any detector. Here, we describe a
scheme that makes use of the extra amount of single pulse en-
ergy and thereby enhances the THz detectivity by a significant
factor ≈20.
II. RESULTS
We used a typical optical-pump-THz-probe experimen-
tal setup24 based on an amplified Ti:S laser system, but for
the purpose of this discussion, only the THz-detection part is
relevant, which used a 0.1 mm GaP [110] crystal for electro-
optic sampling (see Fig. 1). A THz field at the detection
crystal renders it birefringent with an optical axis 45◦ to
the laser polarization. An initially s-polarized 800 nm probe
beam will thus become elliptically polarized with a small p-
polarization component. In a standard electro-optic sampling
scheme,4 the light would then be passed through a quarter
wave plate, which results in a distorted circular polarized
beam, and then through a Wollaston polarizer, which sepa-
rates p- and s-polarization components whose difference is
measured by two balanced photo diodes. The p-polarization
component after the detection crystal is proportional to the
THz-field and the rotation sense of the elliptically polarized
reflects the sign of the THz field, but the ellipticity can be very
small, depending on the strength of the THz field. Therefore,
in order to reduce the large s-polarization component, the
beam is first passed through a set of four Brewster windows
before the Wollaston polarizer in our implementation (see
Fig. 1). These Brewster windows (ideally) transmit 100% of
the p-polarization component, but reflect a certain fraction
of the s-polarization component, thus increasing the elliptic-
ity of the beam and, in a relative sense, the p-polarization
component.
The Brewster windows have a small wedge of 1◦ to avoid
that multiply reflected beams hit the detector. This wedge
causes a deflection dθ of the beam of dθ ≈ (n2 − 1)α ≈ 5◦
(where α is wedge angle and n is the index of refraction).
Since it is critical for the overall performance of the setup
that every ZnSe surface is hit at the Brewster angle as closely
as possible, the tilt of second and third Brewster windows
is corrected for that deflection angle (see Fig. 1). The over-
all transmission through the four Brewster window setup was
measured to be t = 0.24%, which perfectly matches the ex-
pected value for the index of refraction of n = 2.52 for ZnSe at
800 nm with a Brewster angle of 68◦.
Fig. 2 shows the THz pulses measured with (red line)
and without (blue line) Brewster windows by scanning the
800 nm probe pulse relative to the THz pulse. In these two
experiments, the amount of light at the two photodiodes of
the balanced detection was kept the same with the help of ad-
ditional attenuators in front of the balanced detection, which
compensated the effect of the Brewster windows in the mea-
surement without them. Comparing both measurements, we
obtain an enhancement factor of ≈18 (Fig. 2, blue dots).
III. DISCUSSION
To describe the polarization states at the various positions
in the setup, we use the Jones matrix formalism. We start from
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FIG. 1. Electro-optical sampling setup with four Brewster windows in order to increase the ellipticity of the probe beam. The bottom row shows the polarization
states at various positions along the beam path.
linearly s-polarized probe light:
pin =
(
1
0
)
. (1)
The detection crystal acts as a phase retarder with small retar-
dation φ, that is proportional to the THz field:
C = 1
2
(
eiφ + e−iφ eiφ − e−iφ
eiφ − e−iφ eiφ + e−iφ
)
. (2)
The Brewster windows reduce the s-polarization component
by a field attenuation factor a while it fully transmits the p-
polarization component:
B =
(
a 0
0 1
)
, (3)
and the quarter-wave plate is described as
Q = 1√
2
(
1 i
i 1
)
. (4)
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FIG. 2. THz pulses measured with (red) and without (blue) Brewster win-
dows. The amount of light at the two photodiodes of the balanced detection
was the same in both measurements. The blue line shows the raw data without
Brewster windows, the blue dots the data up-scaled by a factor 18.
The final polarization state thus becomes
p = Q.B.C.pin = 1√
2
(
a cos φ − sin φ
i(a cos φ + sin φ)
)
. (5)
The balance detection measures the difference in intensity of
the s- and p-polarization components, which we normalize to
the total amount of light on the two detectors:
S = |ps |
2 − |pp|2
|ps |2 + |pp|2 ≈
2φ
a
, (6)
where the last step is valid for φ  a. We see that the rela-
tive signal is enhanced by a factor 1/a = 1/√t (where t is the
corresponding intensity attenuation factor). For the concrete
situation in our experiment, we would expect an enhancement
factor of ≈20; slightly higher than the experimental value of
≈18. We attribute the small deviation from the theoretical
value to the fact that we do not hit all surfaces of the Brew-
ster windows with perfectly the Brewster angle due small to
misalignments and the wedges of the Brewster windows.
With the choice of the window material and the number
of Brewster windows, one can adjust the enhancement factor.
Four ZnSe windows turned out to be a good compromise be-
tween enhancement factor on the one hand, and the available
probe pulse energies in connection with the saturation limit of
the photo diodes on the other hand. The maximum enhance-
ment factor is also limited by the condition φ  a (Eq. (6));
if a is set too small, the signal no longer scales linearly with
THz-field. In the limit of a = 0, when only the p-polarization
component is transmitted, one could in fact no longer distin-
guish the signs of the THz field and only the absolute-square
of the THz field would be detected.
One may think of the sequence of Brewster windows as
a polarizer with an extinction ratio of 1:2.4 × 10−3. Before
implementing these Brewster windows, we tested a combina-
tion of two film-polarizers with a comparable extinction ratio
of 1:10−3 (other types of polarizers tend to have a too large
extinction ratio). However, the enhancement factor was only
≈6, significantly smaller than the theoretical value 1/√t , pre-
sumably since the small amount of transmitted s-polarization
is no longer in a clean polarization state afterwards.
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In conclusion, we have introduced and discussed a sim-
ple scheme that significantly enhances the detectivity of THz
electro-optical sampling. The scheme is particularly useful
when very small THz fields are to be measured in connec-
tion with low-repetition rate amplified Ti:S laser systems. For
example, the 2D-Raman-THZ experiments of Ref. 24 would
not have been possible without that enhancement of the THz
detectivity.
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A.2 The eﬀect of the Gouy phase in optical-pump-THz-
probe spectroscopy
Reprinted from ref. [61], with the permission of OSA Publishing Group.
A.2.1 Contribution to this paper
• Saima Ahmed performed the experiments with Dr. Janne Savolainen.
• Saima Ahmed analysed the experimental data.
The effect of the Gouy phase in
optical-pump-THz-probe spectroscopy
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Switzerland
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Abstract: We show theoretically as well as experimentally that the Gouy-
phase shift, which depends on the exact positioning of a sample in relation
to the focus of a probe beam in a pump-probe experiment, may have a
pronounced effect on the shape of the pump-probe signal. The effect occurs
only when single-cycle probe pulses are used, i.e. when the slowly varying
envelope approximation breaks down, while it disappears for multi-cycle
pulses. The effect is thus most relevant in THz time-resolved spectroscopy,
where such single cycle pulses are most commonly used, but it should not
be overlooked also in other spectral regimes when correspondingly short
pulses are involved.
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OCIS codes: (190.7110) Ultrafast nonlinear optics; (300.6270) Spectroscopy, far infrared;
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1. Introduction
Over the last two decades, there has been a tremendous development in THz technology [1–4]
in different areas of science in both spectroscopy [5, 6] and imaging [7–9]. Optical pump-
THz-probe spectroscopy has been widely applied to study e.g. the ultrafast carrier dynamics in
various materials [10–16], phonon dynamics [17,18] and other excitations in strongly correlated
materials [19,20], as well as low frequency vibrational dynamics in molecular liquids [6,21,22].
Short THz pulses change spatially and temporally as they propagate through a measurement
setup [23]. One such important process is the Gouy phase shift [24, 25]. That is, when a laser
pulse travels through a focus, it experiences a phase shift from +pi/2 before the focus, 0 in the
focus, and -pi/2 after the focus, and in fact THz pulses have been used elegantly to visualize the
effect [26–30]. It is widely recognized that the Gouy phase shift may play a role in nonlinear
optics [31, 32] as well as in nonlinear spectroscopy, e.g. when phase-sensitive heterodyning is
applied [33]. In the present paper, we demonstrate that the Gouy phase shift can also have a
pronounced effect on the outcome of optical pump-THz-probe experiments. Despite the fact
that many such experiments have been performed in the past [10–22], we are not aware of any
discussion of that effect.
We consider a prototype optical-pump-THZ-probe experiment as schematically shown in
Fig. 1. A short THz pulse is generated by optical rectification in a non-linear crystal, imaged
by some imaging optics onto the sample, where it is overlapped with an optical pump-pulse,
and the generated 3rd-order field E(3)(t) is imaged onto the detection crystal. The nonlinear
interaction in the sample can be describe by the usual convolution of the laser pulses with a
system response function R(t1, t2):
P(3)(t) ∝
∫ ∞
0
∫ ∞
0
ETHz(t− t2)Ipu(t− t1)R(t1, t2)dt1dt2 (1)
with Ipu(t) = |Epu(t)|2 the intensity profile of the pump pulse. Deducing the system response
function R(t1, t2), which is ultimately what we want to measure, effectively requires a deconvo-
lution of the measured field [13, 34, 35], which in turns requires that we very accurately know
the THz pulse ETHz(t) at the sample position including its phase. This is where the Gouy phase
shift comes into play.
In a idealized realization of Fig. 1, the Gouy phase shift would not matter since both gen-
eration and detection crystal as well as the sample are in the focus of the imaging optics and
typically are thin, so the Gouy phase is the same apart from alternating minus signs in all three
positions. However, since one wants to achieve high intensities of the pump-light in the sample
to explore its pump-probe response, the THz pulse is often imaged with high-aperture optics
to achieve a small focus. The Gouy phase changes on a scale that equals the Rayleigh length,
which in turns is of the order of the wavelength of the THz light if the aperture approaches 1.
Consequently, the positioning of the crystals and the sample is critical within a few 100 µm
for a typical THz experiment. While the alignment of the crystals can easily be checked by
measuring the Gouy phase of the THz pulse itself (which also enters the detection crystal), the
exact positioning of the sample in between is less easy to determine.
One is tempted to assume that the exact positioning of the sample does not matter, since
a “wrong” Gouy phase in ETHz(t) is compensated by the corresponding Gouy phase that the
emitted field accumulates on its way from the sample to the detection crystal. Although the
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Fig. 1. Scheme of a optical-pump-THz-probe experiment. The displacement z is measured
relative to the middle focus.
Gouy phase is a propagation effect, whose explanation requires the solution of the 3D Maxwell
equations, it can be described by adding a phase φ to a propagating field in a 1D description.
Hence, one might think that one can add a phase factor eiφ to the input THz pulse in Eq. (1)
eiφP(3)(t) ∝
∫ ∞
0
∫ ∞
0
eiφETHz(t− t2)Ipu(t− t1)R(t1, t2)dt1dt2 (2)
which of course can be pulled in front of the integral, and hence would cancel with a com-
pensating phase e−iφ for the emitted field. However, physical electric fields are real-valued.
Using complex electric fields is a mathematical trick that simplifies many calculations, but is
rigorously correct only as long as linear optics is considered. Despite the fact that the THz field
ETHz(t) enters in Eq. (1) in a linear fashion, the operation as a whole is nonlinear, which can
be seen from the fact that the multiplication with a potentially much shorter pump-pulse Ipu(t)
can generate new frequency components in P(3)(t). Adding a phase factor in Eq. (2) inevitably
results in a complex field which can be done only in certain limits.
For very short pulses, it is no longer meaningful to write them as an envelope times a carrier
frequency:
E(t) = E0(t)cos(ω0t) (3)
which can be seen for example from the fact that such a pulse would have a non-vanishing am-
plitude at zero frequency (i.e. a DC component, which it cannot have in the far-field) whenever
the time duration of E0(t) gets in the same order of magnitude as 1/ω0. Consequently, one can
also not introduce a phase by simply writing:
E(t) = E0(t)cos(ω0t+φ) (4)
Alternatively, one may use a close analog of the Hilbert transformation to do so (while the
common definition of the Hilbert transformation transforms a real field into its imaginary coun-
terpart ℜE(t)→ ℑE(t), we consider here the transformation of the real field into the complex
field ℜE(t)→ ℜE(t) + iℑE(t)). That is, the field is Fourier-transformed into the frequency
domain, the negative frequencies are zeroed, and the field is Fourier-transformed back into the
time-domain, which will result in a complex-valued representation of the field (in the following
we will use a tilde to indicate a field is complex). The phase factor may then be added and the
real part be taken:
E(t) FT−−→ E(ω)→Θ(ω)E(ω) FT−1−−−→ E˜(t)→ℜ(eiφ E˜(t)) (5)
where Θ(ω) is the Heaviside step function. Not that this sequence of operations is not equiva-
lent to Eq. (4), if the slowing varying envelope approximations doesn’t apply.
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The operations Eq. (1) and Eq. (5) do not commute. If they would commute, then one could
first transform ETHz(t) into a complex field E˜THz(t), plug it into Eq. (1) including the phase
factor eiφ , add a phase factor e−iφ to the generated 3-order polarization P˜(3)(t) in order to
describe the compensating Gouy-phase, which then would cancel:
ETHz(t)→ eiφ E˜THz(t) Eq.(1)−−−→ eiφ P˜(3)(t)→ e−iφeiφ P˜(3)(t)→ℜ(P˜(3)(t)) (6)
The correct treatment of the problem first transforms ETHz(t) into a complex field E˜THz(t), adds
a phase factor, but then plugs only the real part ℜ(eiφ E˜THz(t)) into Eq. (1), and finally repeats
the compensating phase shift for P(3)(t):
ETHz(t)→ Re(eiφ E˜THz(t)) Eq.(1)−−−→ P(3)(t)→ e−iφ P˜(3)(t)→ℜ(e−iφ P˜(3)(t)) (7)
Both lines of operations do not necessarily reveal the same result.
It is instructive to see in the next section why and how a “wrong” Gouy phase is indeed
compensated in linear response. We will furthermore show that a Gouy phase is still compen-
sated also in a pump-probe response as long as multi-cycle pulses are used, which is why this
problem is not relevant for most applications of femtosecond spectroscopy. However, in THz
pump-probe spectroscopy, where single-cycle pulses are most common, the Gouy-phase has to
be taken into account for a quantitative interpretation of the data. To that end, we will show
both theoretically and experimentally that the outcome of a optical-pump-THz-probe experi-
ment does in fact depend on the exact position of the sample relative to the focus.
2. Linear response
In the most simple approximation, linear response is described as:
P(1)(t) ∝
∫ ∞
0
ETHz(t− t1)R(t1)dt1 (8)
As the integral is a convolution of 1D functions, the convolution theorem applies and it is
advantageous to treat the problem in frequency domain:
P˜(1)(ω) ∝ E˜THz(ω)R˜(ω) (9)
where E˜(ω) and R˜(ω) are the Fourier transformations of the corresponding functions in Eq. (8).
Along the lines of Eq. (5), the negative frequencies are then zeroed:
P˜(1)(ω) ∝ Θ(ω)E˜THz(ω)R˜(ω) (10)
All operations in Eq. (10) are simple products in frequency domain that of course do commute,
and hence they will also commute in the time domain. Consequently, the equivalents of Eqs. (6)
and (7) do indeed reveal the same results and a Gouy phase in the input field will be compen-
sated by that of the emitted field, so the measured linear response does of course not depend on
the exact positioning of the sample in the focus in Fig. 1.
It should however be added that when including the fact that a THz pulse undergoes multiple
reflections at the sample surfaces, then different terms with changing Gouy phases add up (an
effect that goes beyond Eq. (8)) and the Gouy phase has in fact a subtle effect even on the linear
response [36]. This is yet another effect of the Gouy phase on spectroscopy that is however
distinctively different from the one discussed here.
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Fig. 2. (a) Spectrum of the THz pulse E˜THz(ω) (Eq. (14), black) and with negative frequen-
cies zeroed (blue). (b) Fourier transformation of the pump pulse intensity profile I˜pu(ω)
(Eq. (15)). (c) Convolution E˜THz(ω)⊗ I˜pu(ω) and (d) convolution with zeroing negative
frequencies of the THz pulse E˜THz(ω) before the convolution (blue) and after the convolu-
tion (red). The pump-probe delay between the center of both pulses was set to tpp = 0.
3. Pump-probe response
To simplify matters, we first consider a system response function that is faster than any other
timescale of the system (e.g. a polarisibility that is exclusively electronic), so that it can be
approximated as a δ -function:
R(t1, t2) = δ (t1)δ (t2) (11)
In this case, Eq. (1) reduces to:
P(3)(t) ∝ ETHz(t)Ipu(t), (12)
It is a simple product in time domain, so it will be a convolution in frequency domain:
P˜(3)(ω) ∝ E˜THz(ω)⊗ I˜pu(ω). (13)
Note that here I˜pu(ω) is the Fourier transformation of the intensity profile of the pump pulse,
and not that of its field, and thus it is centered around ω = 0. Figure 2 shows the result of that
convolution for a typical situation in a THz pump-probe experiment. To that end, we assumed
a half-cycle THz pulse (see Fig. 3, top-middle panel):
ETHz(t) ∝ℜ
∫ ∞
0
ωe−τ
2
1ω
2/4eiωtdω (14)
where τ1 = 150 fs is a measure of the pulse duration (the pulse is constructed as the time-
derivative of a generating Gaussian pulse together with a pi/2 phase shift). For the pump pulse,
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Fig. 3. Outcome of a hypothetical pump probe experiment of a sample with infinitesimally
fast response function as a function of THz detection time t, pump-probe delay time tpp
between the center of both pulses, and the Gouy-phase error of the sample. Red and blue
depict positive and negative fields, respectively. The top panels show the corresponding
input THz pulse ETHz(t).
we assumed a Gaussian pulse:
Ipu(t) ∝ e−t
2/τ22 (15)
with τ2=70 fs. Figure 2(a), black, shows the spectrum of the resulting THz pulse E˜THz(ω),
Fig. 2(b) that of the pump pulse intensity profile I˜pu(ω) and Fig. 2(c) the convolution Eq. (13).
Applying the Hilbert transformation after the convolution, which simply zeros the negative
frequencies (Fig. 2(d), red), obviously gives a different result as compared to applying the
Hilbert transformation before the convolution. The latter is shown in Fig. 2(d), blue line, which
results from the convolution of the blue line in Fig. 2(a) with Fig. 2(b). In other words, the
Hilbert transformation and the nonlinear interaction in Eq. (1) do not commute:
Θ(ω)
(
E˜THz(ω)⊗ I˜pu(ω)
) 6= (Θ(ω)E˜THz(ω))⊗ I˜pu(ω) (16)
Figure 3 shows the effect of a Gouy phase for a hypothetical pump probe experiment of a
sample with infinitesimally fast response function (Eq. (11)), using Eqs. (12), (14) and (15)
together with
E(3)(t) ∝
dP(3)(t)
dt
(17)
which connects the emitted 3rd-order field to the 3rd-order polarization in the most simple case
when dispersion and absorption can be neglected and the process is quasi-phasematched [13,
34, 35]. In addition, a Gouy phase φ is added along the lines of Eq. (7). These plots can be
considered to be the instrument response of such an experiment. Identical responses are ob-
tained for Gouy phases φ =+pi/2 and φ =−pi/2, which however clearly differs from that for
φ = 0. It should be noted that the effects are the stronger the shorter the pump pulse duration is
compared to the THz pulse duration.
If, on the other hand, we write the probe pulse as a carrier wave times a pulse envelope:
ETHz(t) = cos(ω0t)e−t
2/τ21 (18)
with ω0 = 20 THz (and leave the pump pulse as in Eq. (15)), the situation shown in Fig. 4 is
obtained. In this case, the positive frequency and negative frequency contribution of E˜THz(ω)
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Fig. 4. Same as in Fig. 2, but for a THz pulse according to Eq. (18). The red line in (d) has
been offset a little bit to make it visible.
do not overlap with I˜pu(ω), which is centered around ω = 0, and Hilbert transformation and
the nonlinear interaction in Eq. (1) do commute to a very good approximation (compare red
and blue line in Fig. 4(d), which is hardly different):
Θ(ω)
(
E˜THz(ω)⊗ I˜pu(ω)
)≈ (Θ(ω)E˜THz(ω))⊗ I˜pu(ω) (19)
In this case, a Gouy phase in the input field will be compensated by that of an outgoing field
since Eq. (6) would be correct. We see that it is the spectrum of a typical THz pulse that covers
all frequencies down to zero, or in other words, the break-down of the slowly varying envelope
approximation, that makes the difference to “normal” femtosecond spectroscopy.
Finally, we consider a general response function that is not necessarily infinitesimally fast.
To that end, we start with an auxiliary function
P′(t ′, t ′′) ∝
∫ ∞
0
∫ ∞
0
ETHz(t ′′− t2)Ipu(t ′− t1)R(t1, t2)dt1dt2 (20)
which is in fact a 2D convolution of the response function with the laser pulses. Hence, we
again can switch to the frequency domain
P˜′(ω ′,ω ′′) ∝ E˜THz(ω ′′)I˜pu(ω ′)R˜(ω ′,ω ′′) (21)
The fact that we need to evaluate P′(t ′, t ′′) only for t ′ = t ′′, P(t) = P′(t, t), is equivalent to
P˜(ω) ∝
∫ ∞
−∞
P˜′(ω ′,ω−ω ′)dω ′ (22)
in the frequency domain. This expression is tedious to visualize, but in essence the argument of
Fig. 2 versus Fig. 4 remains.
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4. Experimental verification
To demonstrate the effect of the Gouy phase on the outcome of a concrete pump-probe exper-
iment, we use the Raman-pump-THz probe response of water as an illustrative example. The
relevance of such an experiment for water structure and dynamics has been explored in detail in
a separate publication [37]. To give a brief motivation of that experiment, a first Raman inter-
action induced by a 800 nm pulse excites a coherence in low-frequency intermolecular modes
of the hydrogen-bonded water network that is switched into another coherence by the subse-
quent THz pulse and finally read out by the emission of a THz field. The experiment has been
termed 2D-Raman-THZ-probe spectroscopy, as it allows one to measure correlations among
the various degrees of freedom of water, and indeed, a very short lived THz photon-echo has
been observed. In Ref. [37] a full 2D data set in analogy to Fig. 3 has been measured, while we
show here only 1D scans along the pump-probe delay time tpp with the detection time t kept
fixed to the position where the signal is maximal.
The experiment was performed with a optical-pump-THz-probe setup that is similar to many
such implementations described in the literature [10–22], and that is introduced in detail in
Ref. [37]. In brief, a half-cycled THz pulse was generated in a 100 µm GaP [110] crys-
tal by optical rectification [3, 4] and was imaged by a single home-machined elliptical mir-
ror (2 f=83 mm) onto a 40 µm thick water jet, which was pumped by an intense 800 nm
pulse through a non-resonant Raman process. Due to the high-aperture of the elliptical mirror
(A≈ 1 ), the THz pulse could be focused in a transform-limited manner onto a spot of diameter
≈ 240 µm. The generated 3rd-order field was imaged by another elliptical mirror onto a second
GaP crystal for electro-optical sampling. The beam size of the Raman-pump pulse (diameter
300 µm) was adjusted to match that of the THz pulse in the focus. Due to its much shorter
wavelength, the beam size can be considered to be essentially constant in the range around the
focus which is relevant for the present discussion. Alternatively, the detection crystal was put at
the sample position to measure the input THz field ETHz(t) directly. In that case, the position-
ing of the detection crystal relative to the water jet was measured with the help of a confocal
chromatic measurement sensor (ConfocalDT, micro-epsilon) that provides a few micrometers
resolution.
Figure 5, top row, shows the input THz pulse at various positions relative to the focus from
z=-500 µm to z=500 µm, where we assumed the focus z=0 µm to be the position where the
pulse is symmetric (the displacement z is defined in Fig. 1). As we move away from the focus
in both directions, the phase of the THz pulse changes. The red lines in Fig. 5, top row, show
the THz pulses measured at the various positions, while the black dotted lines take the pulse
at z=0 µm and add a phase φ that was varied to give the best match with the red lines. As
can be seen, a simple phase shift can very well describe the Gouy phase of the THz pulse as
the crystal is moved through the focus. Between z=-500 µm to z=500 µm, the Gouy phase
changes from ≈ 0.3pi to ≈−0.3pi . The fact that a simple Gouy phase shift can indeed describe
the effect of moving the detection crystal through the focus quite well proves that effects of a
changing frequency-dependent overlap between pump pulse and the THz probe pulse do play
only a minor role, owing to the high-aperture THz optics (red and black dotted lines in Fig. 5
would match exactly if the spectral amplitude would not change at all.)
Figure 5, bottom row, shows the effect of the Gouy phase shift on the resulting Raman-pump-
THz-probe signal. Between the various measurements of Fig. 5, bottom row, nothing has been
touched in the experimental setup except of the crystal or the jet that has been moved by the
indicated distance. As a trivial result, when the water jet is moved off-focus, the signal size di-
minishes due to the smaller spatial overlap between pump and probe pulses. More importantly,
however, the shape of the response changes quite a bit, significantly more than the small devia-
tions between red and black dotted lines in Fig. 5, top row, would suggest. For example, while
#201608 - $15.00 USD Received 19 Nov 2013; revised 10 Feb 2014; accepted 11 Feb 2014; published 18 Feb 2014
(C) 2014 OSA 24 February 2014 | Vol. 22,  No. 4 | DOI:10.1364/OE.22.004256 | OPTICS EXPRESS  4264
S
ig
na
l (
a.
u)
tpp (ps)
-0.4 0 0.4 0.8
tpp (ps)
-0.4 0 0.4 0.8
tpp (ps)
0.8-0.4 0 0.4
tpp (ps)
-0.4 0 0.4 0.8
tpp (ps)
-0.4 0 0.4 0.8
Time (ps)Time (ps)Time (ps)Time (ps)
z = 200 µm, φ = - 0.16 π z = 500 µm, φ = - 0.26 πz = - 500 µm, φ = 0.31 π z = - 200 µm, φ = 0.16 π z = 0 µm, φ = 0 
- 0.5 0.0 0.5 - 0.5 0.0 0.5 - 0.5 0.0 0.5
0
0.5
1.0
0.2
0.0
0.2
0.4
- 0.5 0.0 0.5 - 0.5 0.0 0.5
Time (ps)
TH
z 
Fi
el
d 
(a
.u
)
Fig. 5. Top panels: THz pulses (red) at various positions relative to the focus from -500 µm
to +500 µm. The phases φ of these pulses have been estimated by taking the pulse at
z=0 µm and adding a phase that has been varied to give the best fit (black dotted lines).
Bottom panels: Raman-pump-THz-probe signal from water at various z-positions in de-
pendence of pump-probe delay tpp between the peaks of the Raman-pump and the THz
probe pulse. The detection time t was kept fixed at 50 fs relative to the peak of the trans-
mitted THz pulse, where the signal is maximal.
a quite sharp response is found at z=0 µm, the signal at z=-500 µm might be misinterpreted as
relatively slow decay. Interestingly, it is these z=-500 µm data which exhibit the slowest decay,
despite the fact that the THz pulse is slightly shorter (Fig. 5, top row) due to a somewhat smaller
overlap of the lower frequency components when being off-focus. Hence the effect is opposite
to what would be expected if a frequency-dependent overlap would be the origin.
Despite the fact that the Raman-pump-THz probe response of water includes a relatively
large instantaneous contribution, originating from the electronic polarisibility and fast libra-
tional motions, the cuts in Fig. 5, bottom row, cannot be directly compared to Fig. 3, because
slower components from hydrogen bond rearrangements exist in the water response function
as well [37]. Nonetheless, Fig. 5, bottom row, clearly shows that the exact positioning of the
sample does matter for the outcome of optical-pump-THz-probe experiments, for the reasons
discussed in the previous section.
5. Discussion and conclusion
The Raman-pump-THz probe response of water is quite short lived [37, 38]. That is, the re-
sponse function R(t1, t2) in Eq. (1) indeed adds new frequency components to the emitted THz
field that might not be present in the input field ETHz. This is the situation when the effect dis-
cussed in this paper is most relevant. When the response function varies slowly, then Eq. (1)
represents a quasi-linear response which does not change during the duration of the THz pulse,
in which case effectively the situation described in Sec. 2 would apply.
In conclusion, we discussed the effect of the Gouy phase on optical-pump-THz-probe ex-
periments. In particular when high-aperture imaging optics is used, great care should be taken
to precisely position the generation and detection crystals as well as the sample in their corre-
sponding foci, in order to avoid severe perturbations of the measured signal. We have shown
that the effect is related to the single-cycle pulses typically used in THz spectroscopy, whose
spectral width is comparable to their center frequency, so that they span everything down to
zero frequency. The effect is not relevant in most pump-probe studies in the visible or mid-IR
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spectral range, where typically multi-cycle pulses are used. But when very short pulses are em-
ployed in attosecond spectroscopy [39–41], or in the visible [42–44] or mid-IR [45,46] spectral
range, the effect should not be overlooked.
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Abstract: The response of water re-solvating a charge-transfer dye (deprotonated Coumarin 343)
after photoexcitation has been measured by means of transient THz spectroscopy. Two steps of
increasing THz absorption are observed, the first on the timescale of Debye relaxation of bulk water
(∼10 ps) and the second upon electronic relaxation of the dye (3.9 ns). As a reference experiment,
the hydroxyl vibration of water has been excited directly by a short IR pulse, establishing that the
THz signal measures an elevated temperature within ∼1 ps. Comparison of the two experiments
reveals that the late-time signal after pumping the charge-transfer dye indeed reflects heating of
the bulk solution. However, the timescale of the first step is not limited by the response time
of the THz signal, rather, it reflects reorientation of water molecules in the solvation layer. The
apparent discrepancy between the relatively slow reorientation time and the general notion that
water is among the fastest solvents with a solvation time in the sub-picosecond regime is discussed.
Furthermore, non-equilibrium MD simulations have been performed, revealing close-to-quantitative
agreement with experiment, that allow one to disentangle the contribution of heating to the overall
THz response from that of water orientation.
I. INTRODUCTION
Dynamic Stokes shift experiments have been among
the first ultrafast experiments in the solution phase and
have been pursued on numerous molecular systems when-
ever corresponding nano- [1], pico- [2] and eventually
femtosecond lasers [3, 4] became available. This work
cumulated in a seminal review article by Maroncelli and
coworkers [5]. The common picture of the dynamic
Stokes shift is shown in Fig. 1. One starts from a thermal-
ized (Gaussian) ensemble in the electronic ground state
S0 of a dye molecule and vertically promotes it to the
electronically excited state S1 with an ultrashort laser
pulse according to the Franck-Condon principle. In the
S1, the ensemble will be in a non-equilibrium situation,
since the free energy curves are displaced with respect to
each other. The ensemble therefore relaxes on the S1 free
energy curve on a timescale that we will denote as solva-
tion time τS . As the ensemble relaxes, the energy gap be-
tween the S1 and S0 free energy surfaces decreases, which
can be observed experimentally as a time-dependent red-
shift of the fluorescence or stimulated emission.
For rigid dye molecules with high fluorescence quan-
tum yield in a polar solvent such as water, the dynamic
Stokes shift is dominated by the relaxation of solvation
degrees of freedom, rather than by intramolecular de-
grees of freedom, which is why it doesn’t really matter
which particular dye is used as a sensor of the solvent re-
sponse [6]. Even though these experiments measure the
dynamics of the solvent, they do it from a solute perspec-
tive. In the contrary, here we set out to measure solvation
dynamics from the solvent perspective by transient THz
spectroscopy. Both perspectives might actually be very
different, which can be seen from the in principle well es-
tablished, but often overlooked and rather non-intuitive
fact that the solvation time τS and the Debye relaxation
time τD may deviate significantly. The Debye relaxation
time is related to orientational relaxation in the bulk. In
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FIG. 1. The textbook picture describing the dynamic Stokes
shift of a dye molecule in a polar solvent after electronic ex-
citation. After promoting a thermalized ensemble onto the
excited S1 state, it relaxes with the solvation time τS , result-
ing in a time-dependent red-shift of the fluorescence (dashed
arrows).
the most simple theoretical approach, assuming a con-
tinuum model for solvation, a spherical non-polarizable
solute molecule and a single Debye process of the sol-
vent, solvation is predicted to occur with the so-called
“longitudinal relaxation time” τL [6–10]:
τL =
2∞ + 1
20 + 1
τD (1)
where ∞ is the dielectric constant from only the elec-
tronic polarizability, while 0 also includes orientational
polarizability. In polar solvents, the latter dominates,
2i.e., 0  ∞, and Eq. 1 predicts a large separation of
timescales between solvation dynamics τL and Debye re-
laxation τD. The origin of that timescale separation lies
in the very nonlinear dependence of the reaction field R
on the dielectric constant  in Onsager’s reaction field
model:
R =
2
r3
− 1
2+ 2
µ. (2)
where r is the radius of the assumed Onsager sphere and
µ the dipole of the molecule. That is, Eq. 1 can be de-
rived from Eq. 2 by plugging in a frequency dependent
dielectric constant of a single Debye process [8]:
(ω) = ∞ +
0 − ∞
1− iωτD . (3)
In simple words, the nonlinear dependence in Eq. 2 re-
flects the saturation of the solvent response due to screen-
ing; i.e., if the dielectric constant is very much larger than
1 (like for water), already a thin layer solvates a solute
by generating a reaction field R in such a way that the
field of the solute’s dipole is in essence no longer seen by
molecules beyond that layer. If the dielectric constant
gets smaller, the size of the solvation layer will get larger,
but in a way that the reaction field will stay almost the
same – unless the dielectric constant gets close to 1.
While the continuum theory of Eq. 1 predicts a single
exponential solvation process, it is very well established
that solvation occurs in a multi-exponential manner [4–
6, 11]. The multi-exponential response is attributed to
many factors, such as the fact that the solvent cannot
be described by a single Debye process [12, 13], the in-
ertial component of solvation [7, 14], the non-spherical
shape of the solute molecule [12], the failure of the con-
tinuum model to account for the discreetness of solvent
molecules [15, 16] and translational degrees of freedom
that contribute to solvation as well [7, 13, 14].
Water is considered to be among the “fastest” solvents
with a dominating sub-100 fs inertial component of sol-
vation and a subsequent 800 fs decay, as measured by the
dynamic Stokes shift [4]. Somewhat later, the solvation
dynamics of water have also been measured by a comple-
mentary technique, the photon-echo peak shift, revealing
three kinetic components (17 fs, 400 fs and 2.7 ps) and an
average solvation time of 400 fs [11]. Given the simplicity
of the continuum model, it is remarkable that Eq. 1 pre-
dicts a longitudinal relaxation time for water τL=240 fs
(with 0 ≈ 80, ∞ ≈ 1.8 and τD = 8.3 ps [17]), which
is quite close the experimentally observed average solva-
tion time of 400 fs [11]. From that, one may conclude
that the reason for the fast solvation time in water is in
fact its large dielectric constant, and not its orientational
dynamics per se, the latter of which not being particu-
larly fast with τD = 8.3 ps [17]. A recent comprehensive
review of the current view of solvation is given in Ref. [6].
To study aqueous solvation from the water perspec-
tive, we optically excite a dye molecule and observe the
response of the solvent water by transient THz spec-
troscopy. The THz spectrum of water is related to the
dipole-dipole correlation function, whose long-time tail
decays exponentially with the Debye relaxation time τD.
When transiently measuring the THz spectrum of water
after exciting a dissolved dye molecule, the expectation
is that we observe τD rather than τS , based on the ar-
guments given above. The present work is in the same
spirit as Refs. [18, 19], which however studied solvation
in organic solvents (probably for reasons of better solu-
bility of the investigated dye molecules), in which case
the expected timescale separation according to Eq. 1 is
relatively small.
Looking at the problem from a very different angle,
the present work is also motivated by the recent obser-
vation that solutes, very universally, seem to affect the
THz spectrum of a solvation layer that is much larger
than commonly assumed (≈10 A˚) [20–22]. While this
interpretation has been strongly challenged, for example
by measuring the mobility of individual water molecules
with the help of NMR spectroscopy [23], it has been pro-
posed that the controversy can be resolved by the very
delocalized character of THz vibrational modes, which re-
sults in correlated motion of many water molecules [24].
If that interpretation is correct, it may be expected that
switching the dipole moment of a solute should affect
also these delocalized THz modes, resulting in a tran-
sient THz signal.
II. METHODS
A. Sample
As sample molecule for this purpose, we chose
Coumarin 343, whose solubility in water per se is very
low ( 1 mM). To increase its solubility to 5 mM, we de-
protonated, and thereby charged, the dye by addition of
a base (1,4-diazabicyclo[2.2.2]octane, DABCO, 10 mM)
to the solution (this base is less nucleophilic than NaOH
and thereby prevents degradation of the coumarin due
to ring opening). The Stokes shift is 3200 cm−1, as
determined from the peaks of the absorption and fluo-
rescence spectra (see Fig. S1 in Supplementary Materi-
als). The fluorescence quantum yield of a dilute solution
of deprotonated Coumarin 343 has been determined to
ΦF=85% with the help of a Quanta-φ integrating sphere
calibrated with respect to the reported quantum yield
of Coumarin 153 in air-saturated ethanol at room tem-
perature (ΦF = 53 ± 4%) [25]. A fluorescence lifetime
of τF=4.7 ns has been measured by time-correlated sin-
gle photon counting (Horiba Scientific, DeltaDiode DD-
395L) in the dilute limit, and we found that it reduces to
τF=3.9 ns at the concentration of the actual THz exper-
iment (5 mM, see Fig. S2 in Supplementary Materials).
We could not reliably measure the quantum yield at these
high concentrations due to reabsorption of the emitted
light, but we assume that it is reduced by the same factor
as the fluorescence lifetime, i.e., Φ′F ≈70%. Finally, we
calculated with TDDFT at the B3LYP/6-311++G(d,p)
3level of theory in IEF-PCM water [26] that the dipole
changes by ≈5.3 D when exciting from the ground to the
electronically excited state, which agrees well with val-
ues reported for the protonated form [27–29]. Note that
the absolute dipole-moments of ground and excited state
are ill-defined since the molecule is charged; when one
chooses the center of nuclear charge as origin, the dipole
increases from 35.2 D in the S0 to 40.5 D in the S1 and
both are essentially parallel.
B. Transient THz Spectroscopy
For the transient THz experiments, we used essentially
the same setup as previously described [30]. In brief,
pump pulses (400 nm, energy 3.5 µJ) were derived from
a 2.5 kHz Ti:S amplifier system (pulse width 120 fs) by
frequency doubling in a 0.5 mm thick BBO crystal. THz
probe pulses were produced by optical rectification in a
0.1 mm thick GaP (110) crystal, generating an almost
perfect half-cycle pulse with a FWHM of ≈180 fs (see
Fig. S3 in Supplementary Materials), and detected by
electro-optic sampling in a 0.5 mm thick ZnTe (110) crys-
tal, including a recently published concept based on four
ZnSe Brewster windows to enhance the detectivity [31].
For a close to diffraction limited imaging of the probe
pulses into the sample and into the detection crystal, two
CNC-machined, large-aperture ellipsoidal mirrors have
been used. The pump and probe spot sizes in the focus
were ≈ 200 µm. The experimental layout introduces two
delay times, the delay t1 between optical pump-pulse and
THz probe pulse, and time t2 that scans the THz pulse.
The Coumarin 343/DABCO solution was measured in a
40 µm thick wire-guided water (H2O) jet [32] to avoid
any contamination of the signal from window materials.
As a reference, we also performed an IR-pump-THz-
probe experiment, exciting directly the OD band of neat
D2O at 2500 cm
−1 with 0.7 µJ pulses derived from an IR
OPA [33]. In that case, the sample was held in a cuvette
constructed with two 100 µm thin sapphire windows and
a spacer of 6 µm. All experiments were performed at
room temperature.
Two different pump-sources have been used. For ex-
periments with high time resolution, as well as for the IR
pump experiment, pump and probe pulses were derived
from the same Ti:S laser system, running the former over
an optical delay line. For experiments with long delay
times t1 up to 50 ns, on the other hand, two Ti:S am-
plifier system have been electronically synchronized [34],
revealing an effective time resolution of 10 ps due to the
jitter in the synchronization.
C. Simulations
The molecular dynamics (MD) simulation setup is
similar to Ref. [15] with a large Lennard-Jones sphere
solvated in water, thereby mimicking Onsager’s solva-
tion model, albeit with a realistic description of the sol-
vent both in terms of its discreteness and dynamics.
TIP4P/2005 was used as water model, whose dielectric
constant is 0=60 [35]. The Lennard-Jones parameters of
the sphere were set to  = 0.7794 kJ/mol and σ = 7.8 A˚,
the former being the same as for TIP4P/2005 water and
the latter resulting in a sphere radius of 3.9 A˚, when con-
sidering the corresponding value of TIP4P/2005 (3.2 A˚)
and the usual combination rule. The sphere was placed
in the center of a cubic box with size 25 A˚ and sol-
vated with 505 water molecules at roughly the experi-
mental density of water. The dipole of the Lennard-Jones
sphere was approximated by two point charges separated
by 0.8 A˚, and the orientation of the dipole was kept
fixed during the simulation by restraining these points
with harmonic springs. Lennard-Jones interactions were
smoothly switched to zero between 10.6 A˚ and 11.7 A˚,
and the Coulomb interactions were modelled with the re-
action field (rc=10.7 A˚,  =∞). A time step of 2.5 fs was
chosen. The simulation box was equilibrated at 295 K
in a 100 ps NVT simulation, thermostated by velocity-
rescaling with a coupling constant of 0.5 ps. All simula-
tions were performed with Gromacs [36].
In order to calculate the non-equilibrium dipole-dipole
correlation function of Eq. 4, the following simulation
protocol was subsequently used: A 1 ps NVT simula-
tion, introduced to stabilize the temperature, was fol-
lowed by a 1 ps NVE simulation. From that point on,
two 21 ps NVE trajectories were run in parallel: an equi-
librium trajectory with the dipole of the Lennard-Jones
sphere unchanged and a non-equilibrium trajectory with
the dipole changed. In order to accumulate statistics,
that protocol was cycled many times (ca. 600000), con-
tinuing from the 21 ps NVE equilibrium trajectory. The
simulation parameters were optimized for energy stabil-
ity during the NVE simulations in order to ensure that
the observed temperature change (see Fig. 3b below) re-
flects the solvation of the switched dipole, and not any
energy drift.
The transient THz response has been calculated from
the non-equilibrium dipole-dipole correlation function:
c(t1, t2) = ∆〈µ˙(t1)µ(t1 + t2)〉 (4)
where the ∆ denotes the difference between non-
equilibrium and equilibrium trajectory, t1 is the pump-
probe delay time after switching the dipole of the
Lennard-Jones sphere, and t2 the time for the THz free
induction decay. Time t1 was evaluated up to 20 ps (of
which only 15 ps are shown in Fig. 3 below) and t2 up
to 1 ps. The dipole µ(t) contained the contribution of
both the Lennard-Jones sphere and all water molecules
in the simulation box. That correlation function was sub-
sequently convoluted with the laser pulses to reveal the
3rd-order polarization:
P (3)(t1, t2) =
∫ ∞
0
∫ ∞
0
dt′dt′′ETHz(t2 − t′′) (5)
·Ipu(t2 + t1 − t′′ − t′)c(t′, t′′),
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FIG. 2. Relative change of the transmitted THz field ETHz measured at the peak of the half-cycle THz pulse. Shown is the
response after photoexcitation of Coumarin 343 in water at 400 nm (blue data), or, after pumping the hydroxyl vibration of
water (D2O) directly with an IR pulse (red data, smoothed with a 5-point quadratic Savitzky–Golay filter and scaled up by a
factor 5 to match the late time temperature jump in the blue data). The blue filled circles show the data measured with high
time resolution up to 30 ps plotted on a linear scale, and the blue open circles those measured with two synchronized laser
systems from 30 ps up to 50 ns plotted on a logarithmic scale (both data sets were stitched together by slightly scaling the
second one). The solid lines show exponential fits, leaving all time constants as free fit parameters, while the fit shown as dashed
blue line fixes the slowest time constant to 3.9 ns, as determined from the fluorescence decay (see Fig. S2 in Supplementary
Materials). The insert shows the spike around delay zero.
where a Gaussian was assumed for the pump pulse Ipu
and the second derivative of a Gaussian for the THz pulse
ETHz (in both cases with a width that matches the exper-
imental pulses). Finally, a time-derivative with respect
to t2 was taken in order to model the emitted 3rd-order
THz field [30]:
E(3)(t1, t2) =
d
dt2
P (3)(t1, t2). (6)
III. RESULTS AND DISCUSSION
Fig. 2 (blue) shows the transient THz signal after pho-
toexcitation of the dye molecule, measured at the peak
of the half-cycle THz pulse (t2 = 0). Two data sets are
stitched together in this plot, obtained with the two dif-
ferent pump sources described in Methods, thereby cov-
ering the time range from 100 fs to 50 ns. Around delay
zero, a pulse-width-limited spike of increased THz ab-
sorption is observed (see Fig. 2, insert). The spike does
not decay to zero completely, but leaves a small pedestal,
which is hardly seen in the insert of Fig. 2, and which is
what the main panel of Fig. 2 focuses on. That pedestal
increases in two steps. The first step, occurring with a
time constant of 10 ± 3 ps, agrees within error with the
Debye relaxation time of water [17], while the second step
can be fit to a process with 1.9 ns (Fig. 2, solid blue line).
The signal stays constant from there on.
It can be safely assumed that water fully thermalizes
on a nanosecond timescale over distances, which exceed
that between neighboring dye molecules [37], and we at-
tribute the final pedestal after the second step to the
heating of the sample. Indeed, it is known from station-
ary spectroscopy that the THz absorption cross section of
water increases as a function of temperature [38]. To cali-
brate the effect for our concrete experimental conditions,
we measured the transmission of the THz pulse through a
thermostated water cuvette of equal thickness at various
temperatures, and observed a linear dependence with a
slope ∆T/T = −7.5 · 10−3 K−1 (see Fig. S3 in Supple-
mentary Materials). With that, one can estimate a total
temperature jump of ≈ 0.07 K from the size of the late-
time pedestal of the transient THz data (Fig. 2). That
number agrees very well with an independent estimate
(0.06 K) obtained from the number of absorbed photons
per sample volume, their energy, the heat capacity of
water and the fluorescence quantum yield of the dye.
Based on this discussion, we conclude that the second
step observed in the transient THz response reflects elec-
tronic relaxation of the dye. Since its fluorescence quan-
tum yield is not 100% (we determined a quantum yield of
ΦF = 70%, see Methods), the remaining fraction of dye
molecules dissipate their electronic excitation energy into
the solvent upon radiationless relaxation, thereby heat-
ing the solvent. The fluorescence lifetime, which can be
measured much more accurately (3.9 ns, see Fig. S2 in
Supplementary Materials), deviates from the value ob-
tained from the fit of the transient THz data (1.9 ns).
We therefore also show in Fig. 2 a fit that fixes the time
constant of that process to 3.9 ns (blue dashed line), ev-
idencing that this is still consistent with the relatively
5poor signal-to-noise ratio of the transient THz data.
In light of the Introduction, we consider the first step,
occurring with a time constant that agrees well with the
Debye relaxation time of water, the most important re-
sult of this study. Before we continue with its discussion,
we need to establish the timescale, on which the THz ab-
sorption responds to an elevated temperature. To that
end, we also performed an IR-pump-THz-probe experi-
ment, in which the hydroxyl vibration of water (D2O) is
excited directly (Fig. 2, red data). It is well established
from IR-pump-IR-probe as well as from 2D IR experi-
ments that the lifetime of that vibration is ultrafast, in
particular in isotope-pure D2O as well as H2O, and that
energy thermalizes on a ∼1 ps timescale [39–46]. And
indeed, the THz-absorption rises very quickly with the
fit revealing a time constant of 1± 0.3 ps (a complemen-
tary experiment, THz-pump-IR-probe, highlighting the
coherence in the coupling between inter- and intramolec-
ular modes on sub-picosecond timescales, has recently
been performed by Bonn and coworkers [47]). Experi-
mental [38] as well as simulation data (Fig. S4 in Materi-
als and Methods) show that the THz absorption increases
with temperature throughout the whole frequency range
from 0-600 cm−1, resulting from a red-shift of the libra-
tional mode at 600 cm−1. Its low-frequency wing extends
into the 100 cm−1 regime, where the THz pulses peak,
indicating that the mode is almost critically damped.
This also explains why the librational mode can respond
to an elevated temperature so quickly, since a close-to-
critical damping is the situation with the fastest possi-
ble relaxation. We conclude that the observation of a
10 ps timescale for the first step after photo-excitation
of the coumarin dye is not limited by the response time
of the THz signal, but rather evidences that the solvent
response indeed occurs on that slower timescale.
To get deeper insights into this process, we performed
non-equilibrium MD simulations, considering a large
Lennard-Jones sphere as solute in water (see Methods for
details). Fig. 3 (blue) shows the result when first equili-
brating the system with the dipole of the Lennard-Jones
sphere set to zero, and then instantaneously switching it
on to 7.5 D at t1 = 0, while the red data show the re-
sults for the opposite process switching from 7.5 D to 0.
When switching the dipole on, the reaction field shown in
Fig. 3a (blue) can be fit to three exponentials with 7 fs
(37%), 210 fs (31%) and 1.6 ps (32%) and an average
relaxation time of 590 fs. When switching off the dipole
(Fig. 3a, red), the response is a bit faster with 8 fs (42%),
150 fs (34%) and 1.1 ps (23%) and an average decay time
of 310 fs. The slightly different timescale indicates that
the system is not quite in a linear response regime, yet,
in either case the result is in very good agreement with
the experimental solvation time (400 fs) [11], despite the
crudeness of the model.
Fig. 3b shows the “non-equilibrium temperature” af-
ter switching, as determined from the total kinetic energy
of the simulation box. When the dipole is switched on
(blue), we observe an instantaneous temperature jump
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FIG. 3. Simulation results. Panel (a) shows the reaction field
R(t) when switching the dipole of the Lennard-Jones sphere
on (blue) or off (red), panel (b) the solvent temperature in
response to the switching (same color code), and panel (c) the
simulated THz signal in units of relative absorbance change
∆A/A. In either case, the thin black lines present data and
the colored lines single exponential fits. The insert in panel
(c) shows the spike around time t1 zero.
followed by a partial decay that can be fit to a single-
exponential function with time constant of 2.2 ps. On the
other hand, when switching off the dipole (red), about
the same initial temperature jump is observed, but the
temperature subsequently increases further with a time
constant of 3.6 ps. The total amount of dissipated en-
ergy upon solvation of the dipole, as measured by the
late-time temperature change, is different from that upon
re-solvation of the Lennard-Jones sphere without any
dipole. Based on Fig. 1, these results might seem surpris-
ing. That is, solvation and re-solvation is the equivalent
of what would happen on the S1 electronic state upon
electronic excitation, and subsequently on the S0 after
emission of a fluorescence photon. Fig. 1 would suggest
6that both events release about the same amount of free
energy (which is a result of the linear response assump-
tion that renders the curvatures of the S0 and S1 free en-
ergy surfaces the same). To understand this discrepancy,
one must keep in mind that Fig. 1 plots “free energy”,
while temperature measures “energy”. Since solvation is
entropy-driven to a significant extent, both terms may be
very different. For example, it is a freshman Chemistry
experiment to observe that dissolution of NaCl in water
is endothermic (e.g., temperature may indeed decrease
upon solvation, as shown in Fig. 3b, blue). Nevertheless,
entropy is a function only of the “solvent polarization co-
ordinate” shown in Fig. 1, hence free energy differences
at a given position of that coordinate are in fact the same
as energy differences [7]. This is why the dashed arrows
in Fig. 1 indeed indicate the energy of the emitted flu-
orescence photons. Also the total solvation free energy
∆FS is the same as the Stokes shift ∆ES . However,
while the total solvation free energy splits half/half for
the solvation of the excited state and the re-solvation of
the ground state, the same is not necessarily true for the
splitting of the total solvation energy.
Finally, Fig. 3c shows the transient THz response for
both switching events, i.e., the result of Eq. 6 along t1
at the peak of the signal with t2 = −50 fs (the full 2D
data set is shown in Fig. S5 in Supplementary Materials).
Around delay zero (t1 = 0), a pulse-width limited spike
is observed, just like in experiment (inserts of Fig. 3c and
Fig. 2), which represents the electronic contribution from
the instantaneous switching of the dipole of the Lennard-
Jones sphere. That can be verified by removing its con-
tribution to µ(t) in Eq. 4, in which case that spike is
inverted (and smaller). After the spike, a small pedestal
of increased absorbance remains (Fig. 3c, main panel),
that slightly increases further as a function of time in
either case (the fit in Fig. 3c fixes the time constants to
the values obtained from Fig. 3b, since the data are too
noisy and the effect is too small to extract the timescale
independently). While that second step in the simulation
results is faster than the Debye relaxation (which is 14 ps
for the current simulation setup, see Fig. S6 in Supple-
mentary Materials), it is still slower than the solvation
response (310 fs or 590 fs, see Fig. 3a).
Even though Fig. 3b and Fig. 3c resemble each other
to a certain extent, evidencing that the THz response
can indeed be considered an ultrafast thermometer, they
don’t do so in all aspects. First, trivially, the initial spike
in the THz response is hardly present in the temperature
data, as it originates directly from the THz field emitted
upon switching the dipole of the Lennard Jones sphere.
Second, while the temperature decreases again after the
initial jump when switching on the dipole (Fig. 3b, blue),
the THz absorption continues to increase (Fig. 3c, blue).
Third, while the ratio of final temperatures is 2.6 after
switching off the dipole (Fig. 3b, red) versus switching
it on (Fig. 3b, blue), the corresponding factor is only 1.8
for the THz response (Fig. 3c, red versus Fig. 3c, blue).
Points two and three emphasize that a sizable contribu-
tion to the THz response, that reflects the different struc-
turing of water around solutes with different dipoles, ex-
ists as well. This is expected, since it has been shown that
certain solutes affect the THz absorption of solvating wa-
ter [20–22, 48]. For the case when the dipole is switched
on, the kinetic response from water orientation actually
overcompensates that of the temperature effect. Water
reorients on the timescale of Debye relaxation, hence, it
appears meaningful that we see that timescale in the THz
response. We have no evidence, however, that the ori-
entational response has a different spectral dependence
than the temperature response, which would show up as
a variation of the t2-dependence of the THz signal as a
function of t1 (see full 2D data in Fig. S5, Supplementary
Materials).
With the dipole switched off, the Lennard-Jones sphere
is a very hydrophobic particle. Even in that most simple
case, the solvation energy and solvation entropy are com-
plicated and not necessarily intuitive functions of param-
eters such as sphere radius [49] or temperature [50, 51],
and one might expect that the situation is even more
involved for a real molecule with a complex charge dis-
tribution. Anyhow, the simulation of Fig. 3c is in very
good agreement with the experimental results of Fig. 2,
regardless whether the solute turns into more polar or
more apolar upon switching, suggesting that these re-
sults are rather universal.
IV. CONCLUSION
In conclusion, we have measured aqueous solvation
from a water perspective by means of transient THz
spectroscopy. We indeed observe that the timescale of
the water response is closer to the Debye relaxation
time than it is to the solvation time in water; this is
definitely seen in the experimental results, and to a
lesser extent also in the simulation results. We have also
shown that the THz response, for the most part, can be
interpreted as an ultrafast thermometer with a response
time of ∼1 ps, but the restructured water around the
solute contributes as well to a smaller extent. While
the sub-picosecond solvation of the excited state of the
coumarin dye must imply a partial rearrangement of
water molecules in the solvation layer, the timescale
separation implies that this happens in a way that
strain is built up within the solvation layer. Releasing
that strain, apparently, requires an essentially complete
reorientation of some of the water molecules in the
solvation layer, which is why the Debye relaxation time
is the relevant timescale. We consider this experiment
to be a direct observation of the very non-intuitive
timescale separation between solvation time and Debye
relaxation (Eq. 1).
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FIG. S1. Normalized absorption (blue) and emission (green) spectra of a solution of deprotonated Coumarin 343 (5 mM) in
the presence of 10 mM DABCO in water at room temperature. The Stokes shift, as determined of the peaks of the spectra, is
3200 cm−1.
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FIG. S2. Fluorescence decay of deprotonated Coumarin 343 in the dilute case (blue) and at the concentration used in the
transient THz experiment (red, 5 mM Coumarin 343 and 10 mM DABCO). The data are fit to single exponential functions
(thick lines), revealing lifetimes of 4.7 ns and 3.9 ns, respectively.
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FIG. S3. Normalized THz pulse after transmitting through a thermalized 40 µm water cuvette with the temperature varied
from -10◦C to 30◦C in steps of 5◦C. The inset shows the peak intensity of the THz pulse together with a linear fit (red line)
that reveals a slope of ∆T/T = −7.5 · 10−3 K−1.
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FIG. S4. Normalized THz absorption spectrum of water for the current MD simulation setup with the dipole of the Lennard-
Jones sphere set to zero at 285 K (blue), 295 K (green) and 305 K (red). The absorption rise in the 100 cm−1 region with
temperature results from a red-shift of the librational mode at 600 cm−1 due to its anharmonicity, whose wing extends to very
low frequencies. This explains why the TIP4P/2005 water model, which as a non-polarizable water model does not reproduce
the hydrogen-bond stretching mode at 200 cm−1, still captures the temperature effect reasonably well.
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FIG. S5. Full 2D data of the simulation, the result of Eq. 6 along t1 and t2 for (a) switching on the dipole of the Lennard Jones
sphere and (b) switching if off.
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FIG. S6. Dipole-dipole correlation function 〈µ˙(0)µ(t)〉 of water (normalized to the short-time peak, which is not visible on the
scale of the plot) for the current MD simulation setup with the dipole of the Lennard-Jones sphere set to zero. An exponential
fit of the long-time tail (red line) reveals a Debye relaxation time of 14 ps.
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Two-dimensional Raman-terahertz (THz) spectroscopy is presented
as a multidimensional spectroscopy directly in the far-IR regime.
The method is used to explore the dynamics of the collective in-
termolecular modes of liquid water at ambient temperatures that
emerge from the hydrogen-bond networks water forming. Two-
dimensional Raman-THz spectroscopy interrogates these modes
twice and as such can elucidate couplings and inhomogeneities
of the various degrees of freedoms. An echo in the 2D Raman-
THz response is indeed identiﬁed, indicating that a heterogeneous
distribution of hydrogen-bond networks exists, albeit only on
a very short 100-fs timescale. This timescale appears to be too
short to be compatible with more extended, persistent structures
assumed within a two-state model of water.
Water forms local structures due to the directionality ofhydrogen bonding, and it is generally accepted that the
emerging hydrogen-bond network is ultimately responsible for the
many anomalies in the macroscopic thermodynamic properties of
water (1). The consequences of that statement are however still
discussed in an extremely controversial manner (2–11). For ex-
ample, an increasing scattering amplitude for small angles in
X-ray scattering experiments of room-temperature water has
been interpreted in terms of the so-called “two-state model” of
water with patches of a low-density liquid (LDL) and a high-
density (HDL) liquid (5), whereas other researchers have inter-
preted essentially the same experimental result as continuous––in
contrast with bimodal––density ﬂuctuations, as they are expected
from the isothermal compressibility (6). From a theoretical point
of view, the hypothesized liquid-to-liquid phase transition in the
deeply supercooled regime is discussed as either separating two
metastable thermodynamic states of the liquid (2, 3, 8, 10) or as
an artifact from nonequilibrated molecular dynamics simulations
(7, 11). These two problems are related because two-state be-
havior at ambient temperatures is thought to be a reminiscence
of the liquid-to-liquid phase transition in the deeply supercooled
regime. It is currently not clear whether a liquid-to-liquid phase
transition exists [neither for computer models (2, 3, 7, 8, 10, 11)
nor for real water], and even if it does exist, it is not clear
whether two-state behavior survives into ambient conditions.
To provide unique experimental input to these types of ques-
tions, we present a 2D spectroscopy directly in the low-frequency
terahertz (THz) regime, where the intermolecular motions of
water are detected. The method can elucidate the heterogeneity
and lifetimes of the hydrogen-bond networks of liquid water.
In contrast with any X-ray experiment performed so far (4–6),
all of which take essentially an instantaneous snapshot (10), mul-
tidimensional IR spectroscopies (12–17), as well as related hole-
burning or photon echo experiments (18–21), interrogate the
molecular system at least twice and thus can deduce time corre-
lations of interconverting structures. These experiments have been
performed on the OH (or its deuterated version OD) intra-
molecular stretch vibration of water, which serves as a local sensor
making use of the fact that its frequency is a sensitive probe of the
strength of hydrogen bonding to the environment (22–24). Due to
the multiple interactions with the sample, these spectroscopic
techniques can reveal the inhomogeneous broadening of the
OH or OD stretch vibration and thus the heterogeneity in hy-
drogen-bond strengths. Water as a liquid is of course not static,
as such the inhomogeneous broadening is not static, but it is
nevertheless meaningful to deﬁne an inhomogeneity on a certain
timescale. It is very well established from these IR experiments
that the OH or OD stretch vibration of liquid water is inhomo-
geneously broadened on an∼1-ps timescale, which is interpreted
as the typical lifetime of the hydrogen bonds.
At this point, we need to introduce the concept of hierarchy of
inhomogeneities. To that end, consider water dimers with short
and long hydrogen bonds shown in Fig. 1A. The length or strength
of a hydrogen bond modulates the OH stretch potential and as
such the OH stretch vibrational frequency (22–24). The nonlinear
experiments mentioned above (12–21) would thus interpret the
OH stretch vibration as inhomogeneously broadened. However,
now consider these two structures to be just the turning points of
a lower-frequency intermolecular hydrogen-bond stretch vibration.
If the water dimers were in the gas phase, literally as depicted in
Fig. 1A, that hydrogen-bond stretch vibration per se would be
perfectly homogeneous, and yet, a nonlinear IR experiment on the
OH stretch vibration would misinterpret the system as inhomoge-
neously broadened on the timescale of the hydrogen-bond stretch
vibration. Indeed, the hydrogen-bond stretch vibration has been
observed as modulation in photon echo experiments on the OH
stretch vibration (21) as well as in related simulation works (22,
23). When we talk about inhomogeneous water structures, we
have in mind more extended hydrogen-bond networks, as for
example those proposed for LDL and HDL water (Fig. 1B)
(3). These hydrogen-bond networks will not necessarily differ
greatly with respect to the OH stretch vibrations, but might with
Signiﬁcance
The discussion about the structure ofwater becomes increasingly
more controversial, and appears to be stuck because the major
techniques used to study it (small-angle X-ray scattering em-
phasizing the structure, multidimensional infrared spectroscopy
emphasizing the dynamics, and molecular dynamics simulations
using questionable force ﬁelds) do not seem to provide mutu-
ally converging results. This calls for a different experimental
approach, which we offer here with 2D Raman-terahertz spec-
troscopy. The work extends multidimensional vibrational spec-
troscopy into the far-IR regime where thermally excited soft
modes are found that are directly responsible for molecular
dynamics (in contrast with the high-frequency spectator modes
investigated in 2D-IR spectroscopy, which per se are quiet at
room temperature and sense the environment only indirectly).
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respect to the collective intermolecular modes, which include the
hydrogen-bond stretch vibration at about 6 THz (i.e., 200 cm−1)
and the hydrogen-bond bend vibration at about 2 THz (i.e.,
60 cm−1), the latter of which has been shown to extend over
three solvation shells by ab initio molecular dynamics (MD)
simulations (25). Both 1D-Raman (26–31) and 1D-THz (27, 32)
spectroscopy in this low-frequency range have been used exten-
sively to study pure water as well as water with various solutes.
In fact, a recent 1D-Raman experiment of supercooled water
has been ﬁtted in terms of two spectrally distinguishable com-
ponents underneath the 200-cm−1 band (31), which coincide
with corresponding bands in high- and low-density amorphous
ice (33). The ﬁtting was performed using a line-shape analysis
(which is not trivial including mode coupling theory) (31), but
to unambiguously unravel that type of inhomogeneity, one needs a
multidimensional spectroscopy of the low-frequency intermolecular
modes directly.
With exactly that objective in mind, 2D Raman spectroscopy
was proposed by Tanimura and Mukamel quite some time ago
(34). That proposal initiated a great deal of theoretical (35–42)
work. The experimental implementation, however, turned out to
be exceptionally difﬁcult (43–48), because cascaded third-order
processes contaminate the desired ﬁfth-order Raman signal (49).
The ﬁfth-order Raman signal could be isolated for certain liquids
like CS2 or formamide (44–48), but not yet for water due to its
very weak Raman cross-section. On the other hand, 2D THz
spectroscopy has also been demonstrated (50, 51), but due to the
limited THz pulse energies that are currently available it is so far
applicable only to low-lying strong electronic resonances with
huge collective transition dipoles. Based on MD simulations, we
have recently proposed a hybrid 2D Raman-THz spectroscopy
(52, 53), which circumvents the technological limitations of both
2D Raman and 2D THz spectroscopy.
In 2D Raman-THz spectroscopy, two short laser pulses hit the
sample: a nonresonant 800-nm pulse and a resonant half-cycle THz
pulse. The ﬁrst laser pulse excites a coherence of an intermolecular
vibrational mode through either a Raman or a direct THz in-
teraction, depending on which of these pulses hits the sample ﬁrst.
After time t1, the second pulse (THz or Raman, respectively)
interrogates the molecular system a second time, and the resulting
coherence state is read out at time t1 + t2 by the emission of a THz
ﬁeld. We will refer to the two possibilities as the Raman-THz-THz
and THz-Raman-THz pulse sequences, respectively (Fig. 2A).
Both pulse sequences, as well as the Raman-Raman-Raman pulse
sequence of 2D Raman spectroscopy (34), may in principle induce
the same coherence pathways, albeit with varying probabilities
due to the different selection rules of Raman and THz inter-
actions (53). The most signiﬁcant aspect of any of these pulse
sequences is the switching of coherences induced by the second
pulse, which ultimately allows one to correlate various degrees
of freedom with each other. Most importantly in the context of
the discussion above, if the spectrum of collective intermolecular
modes is inhomogeneously broadened due to hydrogen-bond
A B
Fig. 1. Hierarchy of inhomogeneities. (A) Two conﬁgurations of a single
hydrogen bond and (B) two extended hydrogen-bond networks proposed to
explain LDL (Upper) and HDL (Lower) water (3).
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Fig. 2. Two-dimensional Raman-THz response of water. (A) Pulse sequences
and (B) the experimental 2D Raman-THz signal of water. The intensity scale
is given in parts per million (ppm) with respect to the maximum of the THz
pulse ﬁeld transmitted through the water sample. The red dotted line
indicates the diagonal ðt1 = t2Þ, where an echo is potentially expected. The
origin t2 = 0 is deﬁned as the peak of the transmitted THz pulse, which is
also measured during scanning. The origin t1 = 0 has been adjusted to ﬁt
with the instrument response function. Labels I–V indicate features discussed
in the text. (C) The IRF. Raman ðIRamanðtÞÞ and input THz ðETHzðtÞÞ pulses have
been determined experimentally and are shown as green lines on the top
and left side, respectively (see SI Materials and Methods for details). The
black dotted line indicates the diagonal, the gray shaded area is where the
THz-Raman-THz sequence is expected, and the yellow-shaded area is where
the Raman-THz-THz sequence is expected.
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network patterns that are stable on the timescale of the experi-
ment, the second pulse may rephase the coherence induced by
the ﬁrst pulse, giving rise to an echo (39).
Results
In the present work, we measured the 2D Raman-THz response
of liquid water at ambient conditions. Conceptually, our exper-
imental setup is not different from an optical-pump-THz-probe
experiment (54, 55), just that the Raman pump pulse is non-
resonant and as such excites a vibrational coherence. The setup
had to be optimized for a high detection sensitivity (the peak of
the emitted third-order ﬁeld is only ∼ 4× 10−4 of that of the
input THz pulse) and low dispersion for a clean instrument re-
sponse function (IRF; see Materials and Methods for details).
The half-cycle THz pulses with a duration of ∼140 fs (i.e., the
FWHM of the positive spike) peak at ∼1.4 THz and extend from
∼0.3 THz to ∼6 THz (200 cm−1) with an almost ﬂat phase across
the spectrum (Fig. S1A), and thus cover the hydrogen-bond bend
mode at 60 cm−1 and a signiﬁcant part of the hydrogen-bond
stretch mode at 200 cm−1. They however miss the librational
band at 600 cm−1. The Raman pump pulses with a length of 110
fs FWHM (Fig. S1B) cover a somewhat larger frequency range
up to ∼9 THz (300 cm−1).
Fig. 2B shows the 2D Raman-THz response of liquid water,
which reveals a rich set of features with good signal-to-noise
ratio. Before discussing the 2D Raman-THz signal in detail, we
need to investigate its dependence on the Raman pump-pulse
irradiance. The high irradiance required to obtain a measurable
signal is a major concern because it may photoionize water and
lead to the generation of solvated electrons, which in turn may
interact with the sample and/or with the probing THz pulses and
lead to an unwanted signal. As the generation of solvated elec-
trons is a multiphoton process, its appearance depends highly
nonlinearly on pump-pulse intensity. The 2D Raman-THz signal,
in contrast, has two ﬁeld interactions with the Raman pulse and
therefore should depend only linearly on the Raman pulse in-
tensity. We thus critically veriﬁed the linearity of the signal by
varying the Raman pulse intensity with an adjustable neutral
density ﬁlter. The result in Fig. 3 indeed reveals a linear behavior
in a regime below ca. 1 TW/cm2, indicating that the signal is the
desired 2D Raman-THz response. When increasing the Raman
pump-pulse irradiance beyond that regime, we do observe a sig-
nal that depends nonlinearly on the pump irradiance (Fig. S2A)
and looks qualitatively very different from the Raman signal.
This signal is due to the solvated electrons upon photoionization
of water with a threshold of above 1 TW/cm2 for 800-nm pulses
(as a side remark, we note that photoionization of neat water
probed by THz radiation is in itself an interesting result, which
will be investigated in detail in a separate publication). We also
explored the polarization dependence of the signal. Whereas the
2D Raman-THz signal in the linear regime has a pronounced
polarization effect (Fig. S2B), as expected for a Raman effect,
the solvated electron signal at higher pump ﬂuency is polariza-
tion independent, because the solvated electron is essentially
spherical. We thus conclude that it is possible to detect the 2D
Raman-THz signal that is not contaminated by the presence of
solvated electrons in the water sample. The 2D Raman-THz
response of Fig. 2B has been measured at a pump irradiance of
0.6 TW/cm2, which is safely within the linear regime.
For the 2D Raman-THz response shown in Fig. 2B, we control
two delay stages in the experimental setup (Materials and Methods):
Delay 1 scans the delay between the Raman and THz pulses at the
sample t1, and delay 2 scans the delay between the THz input pulse
at the sample and the emitted ﬁeld t2. The two possible pulse
sequences for the 2D Raman-THz signal (53) are shown in Fig. 2A.
In the experiment we scan t1 from negative to positive times, which
switches the signal from the THz-Raman-THz sequence to the
Raman-THz-THz sequence. The time t2 is deﬁned as the delay
between the THz input pulse and the emitted ﬁeld, and not nec-
essarily between the second pulse and the emitted ﬁeld, so that
t2← t1 + t2 for t1 < 0. Therefore, the Raman-THz-THz sequence
appears in the upper-right quadrant with t1 > 0 and t2 > 0 (shaded
in yellow in Fig. 2B), whereas the THz-Raman-THz sequence
appears in the upper triangle of the upper-left quadrant with t1 < 0
and t1 + t2 > 0 (shaded in gray in Fig. 2B).
The signal extends beyond these regions, because the molec-
ular response function Rðt″; t′Þ is convoluted with laser pulses
that are not inﬁnitesimally short:
Pð3Þðt2; t1Þ=
Z∞
0
Z∞
0
dt′dt″ETHz

t2 − t″

    · IRaman

t2 + t1 − t″− t′

R

t″; t′

:
[1]
Here, ETHzðt2 − t″Þ is the THz pulse in the sample, IRamanðtÞ the
intensity proﬁle of the Raman pump pulse, and t1 accounts for
the experimentally controlled delay time between the peaks of
the two pulses (Materials and Methods). The molecular response
function Rðt″; t′Þ is the property we ultimately want to measure
because it contains the molecular information, and also because
it can be compared with all-atom MD simulations (52, 53). To
extract Rðt″; t′Þ, we need to precisely know the input THz and
Raman pulses entering Eq. 1, as well as how the emitted ﬁeld
propagates to the detection crystal (56) (Fig. S3). For the latter,
we describe the generated third-order ﬁeld as a time derivative
of the third-order polarization:
Eð3Þðt2; t1Þ= ddt2P
ð3Þðt2; t1Þ; [2]
which is a good approximation for the most simple case when
dispersion and absorption can be neglected and the process is
quasi–phase-matched (57, 58). We subsequently introduce the
effect of dispersion and absorption of the water jet via a linear
transfer function in the frequency domain. That transfer function
can be combined with those of the imaging optics and the de-
tection crystal (56, 59), revealing a total transfer function
Ttotalðω2Þ, with which we obtain for the detected ﬁeld
Edetðω2; t1Þ=Ttotalðω2ÞEð3Þðω2; t1Þ: [3]
The input pulses ETHzðtÞ and IRamanðtÞ, as well as the transfer
function TtotalðωÞ, have been determined experimentally, as
discussed in detail in SI Materials and Methods (Figs. S1, S4,
and S5). Whereas methods to invert Eqs. 1–3 have been worked
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Fig. 3. Raman-pulse irradiance dependency of the peak of the 2D Raman-
THz signal.
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out (56, 58), we chose here a forward strategy, i.e., simulate the
measured signal from a given response function Rðt″; t′Þ, so fu-
ture theoretical work can still be compared with our experiment.
Evaluating Eqs. 1–3 for a hypothetical instantaneous response
function Rðt″; t′Þ= − δðt″Þδðt′Þ reveals the IRF (Fig. 2C) of the
setup, for which the integrals in the convolution Eq. 1 disappear:
Pð3Þðt2; t1Þ= −ETHzðt2Þ · IRamanðt2 + t1Þ: [4]
The third-order polarization will then be a product of the two
pulses, which extends along the antidiagonal in the 2D repre-
sentation of Fig. 2C due to the argument t2 + t1 in IRaman, reﬂect-
ing the arrangement of delay lines in the experimental setup
(Materials and Methods). The time derivative Eq. 2 is responsible
for the minus–plus (blue–red) pattern in the IRF in the t2 di-
rection. Eq. 3 stretches it toward positive t2 (because Ttotal is
causal) with only a little bit of ringing (which is the reward for
keeping dispersion low in the thin sample jet and generation and
detection crystals as well as the high-aperture imaging optics).
Note that the IRF stays quite narrow in the diagonal direction
with t1 = t2, because the Raman pump pulse is signiﬁcantly
shorter than the THz pulse and because it is clean without wings
(Fig. S1 and the pulses shown in green in Fig. 2C). This feature
is a manifestation of the fact that the time resolution of an
optical-pump-THz-probe experiment is not limited by the THz
pulse length, but rather by the pump pulse and the bandwidth of
the gated detection process (58).
Discussion
Certain parts of the experimental data (Fig. 2B) very closely re-
semble the IRF (Fig. 2C), indicating that we can determine the
laser pulses and the transfer function with high accuracy. Any
feature in the experimental data that is observed also in the IRF,
i.e., in particular the spikes around t1 = t2 = 0 labeled as “I” in
Fig. 2B and the antidiagonal ridge labeled as “II,” originates from
a part of the water response that is much faster than our laser
pulses. Presumably, this fast response is due to the electronic
polarizability as well as librational motion of water with a typical
frequency of 600 cm−1. In contrast, any feature beyond the IRF
originates from water response that is slow enough to be observed
with our time resolution. Three such features labeled III–V can
indeed be identiﬁed. Features III and IV extend along the posi-
tive t1 and t2 axes, and the simulation results from ref. 52 suggest
that these features essentially reﬂect the 1D Raman and 1D THz
responses, respectively. The long time relaxation tail of the 1D-
Raman response decays on a typical timescale of 350 fs at room
temperature (albeit in a nonexponential manner) (26), in rea-
sonable agreement with the decay of features III. The long time
relaxation tail of the 1D-THz response, on the other hand, decays
much slower with 8 ps (27). Due to the time derivative in Eq. 2,
we are very insensitive to such slow processes, so feature IV
probably reﬂects some of the oscillatory contribution of the 1D-
THz response. It has also been shown in ref. 52 that the 2D
response is not just a simple product of these 1D responses; as
such, the 2D response contains additional information.
In this regard, the most interesting is feature V, which extends
along the diagonal t1 = t2 in the upper-right quadrant and contains
additional substructure. Fig. 4 highlights that feature by showing
a cut along the diagonal with the decay of the experimental data
(red) being slower than that of the IRF (black). The diagonal
t2 = t1 is where an echo is expected. Echoes appear when a mul-
timode system gets synchronized twice by two perturbations sep-
arated by a time t1. Whenever the character of the various modes
persists for sufﬁciently long time and thus keeps a memory about
their oscillation frequency, as they do for a heterogeneous set of
oscillators, an echo is emitted at t2 = t1 when the modes rephase
upon a second perturbation. That is, the various modes run out of
phase during time t1, and rephase during time t2 because the
second perturbation may “invert the coherence.” As such, echoes
are indicative for inhomogeneous broadening. The process of de-
and rephasing is relatively intuitive to visualize in the case of the
spins echo (Hahn echo) (60) as well as for electronic and vibrational
photon echoes (21, 61–63), but the concept is much more general;
for example, echoes upon multiple temperature jumps have been
proposed as well (64, 65). Also in the context of 2D Raman spec-
troscopy, echoes have been discussed extensively (36, 39, 40). In
comparison with conventional photon echo spectroscopy (21, 61–
63), it is less obvious to identify the coherence pathways that invert
the coherence upon the second pulse, but they do exist (39). Traces
of a photon echo indeed appear in simulations of the 2D Raman
spectroscopy of water as a ridge along the diagonal, but only when
approximating the signal with instantaneous or quenched normal
modes (ﬁgure 3 in ref. 36). The mechanism of the ﬂow of coherence
pathways is the same for 2D Raman and 2D Raman-THz spec-
troscopy, albeit with different selection rules. We therefore propose
that feature V is related to an echo, which in contrast with the
discussion of ref. 53 would actually be more evident for the Raman-
THz-THz pulse sequence. Note, however, that the response func-
tions reported in refs. 52, 53, based on a simple nonpolarizable
point charge water model, cannot reproduce the experimental
results, for reasons that are currently not clear.
With that in mind, we turn to a discussion of the implications of
these results in the context of the introduction. The appearance of
an echo hints toward an inhomogeneous distribution among the
collective intermolecular hydrogen-bond modes. Certainly, verify-
ing this interpretation needs further theoretical attention, but if it
turns out to be correct, this inhomogeneity would live for only
a few hundred femtoseconds, in fair agreement with conclusions
drawn from 3D-IR spectroscopy of the OD stretch vibration of
water (17). In particular, it would live signiﬁcantly shorter than the
typical lifetime of a single hydrogen bond of about 1 ps, which has
been concluded from 2D-IR and related experiments on the OH-
stretch (or OD-stretch) vibration (12–21). Not unreasonably, the
lifetime of a single hydrogen bond seems to be an upper limit for
the lifetime of more extended hydrogen-bond networks. In ref. 25,
the 200-cm−1 band has been dissected into the various hydrogen-
bond stretching modes of a tetrahedral water cluster, which is the
most common structural motive in liquid water up to the ﬁrst sol-
vation shell. Three distinguishable subbands have been identiﬁed,
a situation which would indeed give rise to an echo. If the lifetime of
a single hydrogen bond is 1 ps, then the lifetime of a tetrahedral water
cluster with four hydrogen bonds can be as short as 250 fs, assuming
that the various hydrogen bonds evolve statistically independently
from each other. That simple estimate reveals a timescale that is in
good agreement with the echo decay time we observe in Fig. 4. In
essence, the low-frequency modes are quite fragile.
0.0 0.1 0.2 0.3 0.4 0.5 0.6
0
100
200
300
S
ig
na
l(
pp
m
)
t1 = t2 (ps)
IRF
Experiment
Fig. 4. Cuts along the diagonal for the Raman-THz-THz pulse sequence, red
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an idea of the signal-to-noise ratio.
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The 100-fs timescale appears to be too short to be compatible
with more extended, persistent structures assumed within a two-
state model of water, as they have been deduced from X-ray
scattering experiments (5). Either such extended structures do not
exist at room temperature, or their low-frequency intermolecular
spectra are so similar that they cannot be distinguished spectro-
scopically. Simulation work along the lines of refs. 52, 53 will be
able to answer questions of that kind.
In conclusion, we believe that 2D Raman-THz spectroscopy,
which we have shown to be experimentally accessible with good
signal-to-noise ratio (Fig. 2B), is the most decisive spectroscopy as
of today of the intermolecular structure and dynamics of liquid
water. In combination with reﬁned computer models of water, it
will lead to a better understanding of the microscopic structure of
water. Shorter Raman and THz pulses would certainly be desir-
able in an improved instrument using, e.g., a plasma generation
and detection scheme (66) to fully cover the 200-cm−1- band
as well as the librational band. Furthermore, the 2D Raman-THz
response of supercooled water would be rewarding because the
dynamics is going to be slower and thus easier to measure (16),
because two-state behavior––if it exists at all––will be more pro-
nounced, and because evidence for the existence of two subbands
underneath the hydrogen-bond stretching band at 200 cm−1 has
recently been given by 1D-Raman spectroscopy (31). Finally, an
extension of this work to study solute–water interactions will be
most interesting; for example, proteins (32) or salts (29) have been
shown to modify the THz or Raman water spectrum, respectively.
Materials and Methods
The setup used in the 2D Raman-THz experiment is essentially a standard
optical-pump–THz-probe spectrometer (Fig. 5) (54). A commercial Ti:sap-
phire oscillator and a chirped-pulse ampliﬁer (Spectra Physics) delivered
110-fs, 800-nm pulses at 5-kHz repetition rate. With beamsplitters, a small
portion of the laser output was split in two parts that are used to generate
and detect the THz pulses by optical rectiﬁcation and electrooptic sampling,
respectively (55). We used two identical 0.1-mm-thick (110) GaP crystals for
both processes. Pulses with 10 μJ of energy were focused onto the genera-
tion crystal with a spot size of 50 μm (intensity just below the damage
threshold). The THz pulses from the GaP generation crystal were collected
and focused onto the sample and then onto the detection crystal by two
custom-made elliptical aluminum mirrors (2f = 83 mm). This arrangement
has a numerical aperture of about 1 and provides a near-diffraction limited
spot size of 200 μm for the THz ﬁeld at the sample and at the detection
crystal. The detecting 800-nm beam passed through an iris for spatial mode
cleaning, and was subsequently coupled to the detecting crystal via an
optical delay stage (t2) and through a small hole in the second elliptical
mirror. It then passed through four ZnSe Brewster-angle windows, a quar-
ter-wave plate, and a Wollaston polarizer followed by two balanced pho-
todiodes detecting the difference between s- and p polarizations in the
measuring 800-nm beam. The sensitivity of the electrooptic detection was
enhanced by introducing the four properly mounted ZnSe Brewster windows
before the quarter-wave plate. This arrangement increases the ratio between
the measured signal and the amount of light on the detector (the details of
this detection enhancement will be discussed in a separate publication). The
photodiode signals were then ampliﬁed, integrated in a boxcar integrator,
and recorded in a computer on a single-shot basis.
Approximately 200 μJ per pulse of the laser output was used as Raman
pump pulses, which were passed through an optical delay stage controlling
t1. The Raman pulses were focused with a lens (f = 1 m) and coupled onto
the sample collinearly with the THz pulses through a small hole in the ﬁrst
elliptical mirror. The spot size at the sample was adjusted to about 250 μm by
keeping the focus ∼8 cm after the sample. An autocorrelation measurement
(using an AC-1PS autocorrelator from UVisIR Inc.) and a Gaussian ﬁt with an
FWHM of about 150 fs of the Raman pulse are shown in Fig. S1B. Assuming
Gaussian pulses, this corresponds to a pulse duration of ∼110 fs FWHM. Im-
portantly, the Raman pulses are very clean with essentially no wings. If wings
were present, they would show up in the diagonal cut of the IRF in Fig. 4. The
same pulse was also used to generate the THz pulse in the ﬁrst GaP crystal.
The Raman pumppulses weremodulated at half of the laser frequency and
the THz creation pulses at a quarter of the laser frequency using two optical
choppers. Electrooptic sampling directly measures the THz ﬁeld rather than
its intensity. The transmitted THzﬁeld and the generated 2D Raman-THzﬁeld
are additive and thus the 2D Raman-THz signal could be calculated as
a difference between pumped and unpumped sample:
Edet ∝ + ðSRamanOnTHzOn − SRamanOnTHzOffÞ
     − ðSRamanOffTHzOn − SRamanOffTHzOffÞ: [5]
All four types of data were recorded independently so that the THz pulse
itself was also measured constantly during scanning:
EII = SRamanOffTHzOn − SRamanOffTHzOff: [6]
The setup was optimized for a high detection sensitivity to be able to
measure the very small 2D Raman-THz signal. Further, we optimized the
setup for low dispersion to obtain as short and clean an IRF as possible (Fig.
2C). Measures to achieve a high sensitivity include the high repetition rate of
the laser system (5 kHz), the ZnSe Brewster windows, high numerical aper-
ture optics, careful positioning of the crystals and water sample at the foci of
the setup, as well as the long scanning time for the 2D data set of Fig. 2B of
about 2 wk. The IRF was optimized by using thin 100-μm GaP crystals, which
give an almost perfect half-cycle THz pulse with hardly any ringing (Fig. S1A)
that would have complicated the discussion of the difference between IRF
and water response signiﬁcantly (Figs. 2 and 4). GaP produces signiﬁcantly
less THz light than the more commonly used ZnTe, making it harder to
measure the small signal, but we considered the cleanness of the pulses to
be most important. Finally, the high-aperture optics proves to be relevant as
well because it provides a very ﬂat transmission function down to quite low
frequencies of ∼0.3 THz (Fig. S5B). We veriﬁed that the signal is not con-
taminated by a χ2 -response from the water-jet surfaces.
The water sample (triple-distilled water) ﬂowed in a windowless 40-μm-
thick gravity-driven jet to avoid any extra artifacts from windows as well as
any accumulative thermal effects in the excitation volume. The arrival time
of the THz pulse Eq. S6 was used as a measure of the thickness of that jet.
Modulation of the thickness of the jet during the time of data scanning due
to water evaporation, which changed the water level in the reservoir and
hence the pressure of the water delivered to the jet, was controlled by
continuously adding small amounts of water with a syringe pump. The THz
section of the setup was sealed in a nitrogen-purged box to remove water
vapor. All measurements were performed at room temperature.
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SI Text
Fig. S1A shows the terahertz (THz) pulse in time and in frequency
domain (Inset) and Fig. S1B an autocorrelation of the Raman
pump pulse.
Fig. S2A shows a 1D cut along t1 when increasing the Raman-
pump intensity beyond the threshold for the generation of a sol-
vated electron. Fig. S2B shows the polarization dependence of the
2D Raman-THz signal for 1D cut along t1 with the Raman-pump
intensity below that threshold.
SI Materials and Methods
Transfer Functions and Pulses. The calculation of the detected signal
from a molecular response function Rðt′; t″Þ using Eqs. 1 and 3
requires the precise knowledge of the input THz ﬁeld ETHz, as well
as the propagation effects for the emitted third-order ﬁeld to the
detection crystal (1). The latter is described on the level of a linear
transfer function in the frequency domain TtotalðωÞ. The schematic
Fig. S3 shows that this total transfer function TtotalðωÞ includes
contributions from the water jet TwaterðωÞ, from the imaging optics
TimageðωÞ, and the detection crystal TcrystalðωÞ. The experimental
determination of all transfer functions as well as of the input THz
ﬁeld ETHz will be discussed below. The 800-nm Raman pump
pulse IRaman, which also enters Eq. 1, experiences only negligible
dispersion and absorption in the thin water jet, and has been
modeled as a Gaussian pulse with FWHM of 110 fs (Fig. 1B).
The transfer function TwaterðωÞ can be determined experi-
mentally by measuring the pulses transmitted through the whole
setup with and without water jet, revealing EII (Fig. S4B) and EI
(Fig. S4A), respectively:
TwaterðωÞ=EIIðωÞEIðωÞ : [S1]
The temporal shift of the pulse peak due to the index of refraction
of water, resulting in a linear spectral phase, has been removed
before Fourier transforming EIIðtÞ and EIðtÞ. As a good approx-
imation of propagation effects within the water jet, we assume
that the input THz pulse interacts in the middle of the water jet
after propagating through its ﬁrst half, and likewise, the emitted
ﬁeld is generated in the middle of the jet and propagates through
the second half. Hence, one part of the water transfer function,
modeled as
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
TwaterðωÞ
p
, will contribute to the input THz pulse
(see Eq. S5 below), and the second part
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
TwaterðωÞ
p
to TtotalðωÞ
(see Eq. S4 below). A more accurate description of propagation
effects of the interaction in the water jet would require a split-
step Fourier method that models the water jet as even smaller
slices, but because the water jet is already quite thin (40 μm), the
present approximation is believed to capture the essence of the
propagation effect well enough.
Subsequently, the emitted signal propagates from the sample
position to the detection position experiencing TimageðωÞ, which
can be determined by moving the detection crystal precisely at
the sample position and measuring the THz ﬁeld there (EIII, Fig.
S4C), and then comparing it to the THz ﬁeld measured at the
detection crystal position (EI, Fig. S4A):
TimageðωÞ= EIðωÞEIIIðωÞ: [S2]
Due to the high-aperture optics used, this transfer function is
quite ﬂat down to 0.3 THz.
Determining TcrystalðωÞ is less straightforward. To obtain this
transfer function, we generated a THz pulse at the sample position
by moving the generation crystal, and by reducing the pump in-
tensity dramatically to about 100 nJ, so that saturation effects in the
generation process can be neglected. In that case, the emitted ﬁeld
would just be the ﬁrst derivative of the generating pulse (a Gaussian
pulse with 110-fs FWHM; Fig. S1B), if the generation crystal were
free of dispersion and absorption (1–3). The measured ﬁeld EIV
(Fig. S4D) is thus compared with such an idealized pulse EV (Fig.
S4E). In addition, we have to remove the effect of TimageðωÞ from
that measurement, so that we obtain for TcrystalðωÞ
TcrystalðωÞ=EIVðωÞEVðωÞ ·
1
TimageðωÞ: [S3]
That procedure reveals the combined effect of both the genera-
tion and detection crystals. As we use identical crystals for both,
we assume that
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
TcrystalðωÞ
p
describes the detection process and
thus contributes to the total transfer function. With these ingre-
dients, the total transfer function becomes
TtotalðωÞ=
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
TwaterðωÞ
p
·TimageðωÞ ·
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
TcrystalðωÞ
p
: [S4]
All of the resulting transfer functions obtained from Eqs. S1–S4
are presented in Fig. S5.
With the known transfer functions, we can also calculate the
input THz pulse ETHzðtÞ in the middle of the water jet, which
enters Eq. 1. To that end, we start from the pulse EIII measured
at the sample position without water jet, propagate it through
half the water jet, and take out the effect of the detection crystal
(Fig. S4F, gray line):
ETHzðωÞ=EIIIðωÞ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
TwaterðωÞ
p
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
TcrystalðωÞ
p : [S5]
The measurement of the transfer functions is noisy in regions
where the spectral intensity of the pulses is low, i.e., below ∼0.3 THz
and above ∼6 THz. We therefore ﬁtted, and effectively extrapolated
to zero and toward higher frequencies, the total transfer function
Ttotal from Eq. 4. We used a phenomenological function:
jTtotalðωÞj∝ ð1− e−ω=ω1
 ω22
ω2 +ω22
[S6]
for the amplitude, revealing ω1 = 1:4 THz and ω2 = 1:9 THz. The
phase was ﬁtted to a quadratic function:
argðTtotalðωÞÞ=ϕ0 + dϕðω−ω0Þ2; [S7]
with ϕ0 = 0:25, dϕ0 = − 0:073, and ω0 = 1:0 THz. The ﬁts are
shown in Fig. S4D (gray lines). Similarly, the transfer function
in Eq. S5 was ﬁt to a phenomenological function:

ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
TwaterðωÞ
p
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
TcrystalðωÞ
p

∝ a1e−ω=ω1′ + e−ω=ω2′; [S8]
revealing ω1′= 0:23 THz, a1 = 5, ω2′= 7:2 THz, and again to a
quadratic function for the phase with ϕ0′= 0:24, dϕ0′= − 0:13,
and ω0′= 1:9 THz.
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Control of the Gouy Phase Shift. In the construction of the instrument
response function, we must consider the well-known effect of the
Gouy phase shift that varies the phase of a pulse when it passes
through a focus (4–7). Unlike in conventional nonlinear spec-
troscopy, where many-cycle pulses are most commonly used, the
absolute phase of the THz ﬁeld in Eq. 1 in fact matters in 2D
Raman-THz spectroscopy with half-cycle THz pulses. That is, the
accumulated Gouy phase shift in the input THz ﬁeld ETHzðtÞ be-
fore the sample does not cancel out in the signal propagation after
the sample (this effect will be discussed in detail in a separate
publication). The Gouy phase modulates the THz ﬁeld on a scale
that equals the Rayleigh length, which in our case is of the order of
only a few hundreds of micrometers because we use a small focus
with high numerical aperture optics to achieve ﬁeld amplitudes as
high as possible. Consequently, the positioning of the crystals and
the sample is critical within ∼100 μm. In the present work, we take
care of the Gouy phase shift by precisely positioning the water jet
and the crystals in the foci of the imaging optics.
The two elliptical mirrors weremachined andmounted (without
possibility of further alignment) in a way that we know the position
of their foci with the help of an additionally designed alignment
tool (i.e., a thin Al plate with a small pinhole of ∼200 μm posi-
tioned on a magnetic retention base). The estimated error in the
positioning of the mirrors and the alignment tools is on the order
of 100 μm. Further uncertainties originate from the additional
optical path lengths introduced by the generation and detection
crystals, both with thickness d= 100 μm and index of refraction
of n∼ 3, which amounts to a shift of foci of dðn− 1Þ= 200 μm in
either case. As a starting point, we assumed that the nonlinear
processes happen effectively in the middle of the crystals, but that
assumption is weak in particular for the THz generation process,
for which the GaP crystal is strongly pumped so that depletion
effects due to two-photon absorption can no longer be neglected.
The effect of the water jet ðd= 40 μm;  n= 2Þ on the optical path
length is negligible.
With these uncertainties in mind, we positioned the crystals and
the water jet in the following way. We ﬁrst placed generation and
detection crystals precisely at their predetermined foci using the
alignment tool together with a confocal sensor (ConfocalDT,
microepsilon, resolution ∼ 5 μm). The positioning was then
optimized by observing the Gouy phase at the detection crystal
position and trying to get a pulse EIðtÞ as symmetric as possible
(Fig. S4A), resulting in a shift of the latter of ∼130 μm toward the
elliptical mirror, which is consistent with the effect of the ad-
ditional optical path length introduced by both crystals. The
detection crystal was subsequently moved to the sample posi-
tion at its predetermined focus, where the pulse entering the
sample EIIIðtÞ (Fig. S4C) was measured. The pulse is slightly
asymmetric, in contrast with EIðtÞ (Fig. S4A), whose Gouy phase
has been optimized, and we assume the asymmetry to be the
result of the combined uncertainties in the determination of the
positions of the foci. We therefore allowed for a small correcting
phase ϕ for the input THz pulse and replaced Eq. S5 by
ETHzðωÞ= eiϕEIIIðωÞ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
TwaterðωÞ
p
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
TcrystalðωÞ
p : [S9]
The resulting pulse is shown in Fig. S4F, black line. We also
added a compensating phase to the emitted ﬁeld:
TtotalðωÞ= e−iϕ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
TwaterðωÞ
p
·TimageðωÞ ·
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
TcrystalðωÞ
p
: [S10]
The value of that phase, ϕ= 0:4, has been determined by match-
ing the antidiagonal ridge of the instrument response function
(IRF) and the amplitude ratio of its positive and negative peaks
around t1 = t2 = 0 (Fig. 2C) to the corresponding features I and
II in the experimental data (Fig. 2B). We thereby assumed that
these features originate from an essentially instantaneous part of
the water response function such as from the electronic polariz-
ability or the librational modes of water. We independently mea-
sured that a Gouy phase of ϕ= 0:4 corresponds to a shift of the
foci of 150 μm, which is well within the uncertainty of our align-
ment procedure. Note that even substantially larger phase cor-
rections have no effect on the comparison shown in Fig. 4; the
diagonal decay of the experimental data will always remain sig-
niﬁcantly slower than that of the IRF.
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Fig. S2. Verifying the origin of the 2D Raman-THz signal. (A) The emerging Raman-induced signal and the vanishing solvated electron signal with decreasing
Raman pulse ﬂuency. (B) The dependency of the 2D Raman-THz signal on the polarization between the Raman and THz pulses. The transfer functions and the
setting of the Gouy phase in these measurements were different from Fig. 2, but the data within one measurement series are self-consistent.
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Fig. S3. Two-dimensional Raman-THz experimental scheme. Shown are the generated THz ﬁeld (red), Raman pump pulse (blue), and the emitted ﬁeld
(green). Also shown are the transfer functions that describe the propagation effects in the sample ðTwaterÞ, for either one of the imaging optics ðTimageÞ, and the
combined effects of generation and detection in the crystals ðTcrystalÞ.
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Fig. S4. (Insets) Electric ﬁelds of the THz pulses in time and frequency domain. (A) EI, pulse measured at detection position. (B) EII, pulse measured at detection
position having the water sample in the beam. (C) EIII, pulse measured at the sample position. (D) EIV, pulse created at the sample position with low energy. (E) EV,
idealized THz pulse without any propagation effects. (F) ETHzðtÞ pulse halfway in the sample (black line, Eq. S9) and for comparison the pulse without any extra
phase added (gray line, Eq. S5).
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Direct observation of the collapse of the
delocalized excess electron in water
Janne Savolainen1†, Frank Uhlig2†, Saima Ahmed1, Peter Hamm1* and Pavel Jungwirth2*
It is generally assumed that the hydrated electron occupies a quasi-spherical cavity surrounded by only a few water
molecules in its equilibrated state. However, in the very moment of its generation, before water has had time to respond
to the extra charge, it is expected to be signiﬁcantly larger in size. According to a particle-in-a-box picture, the frequency
of its absorption spectrum is a sensitive measure of the initial size of the electronic wavefunction. Here, using transient
terahertz spectroscopy, we show that the excess electron initially absorbs in the far-infrared at a frequency for which
accompanying ab initio molecular dynamics simulations estimate an initial delocalization length of ≈40 Å. The electron
subsequently shrinks due to solvation and thereby leaves the terahertz observation window very quickly, within ≈200 fs.
One of the simplest transient species—the hydrated, oraqueous electron (eaq− )—is a highly reactive intermediateand, as such, an important entity in radiation chemistry1,2.
Perhaps even more compellingly, eaq
− is the simplest case of a
quantum particle in a complex chemical and thermal environment,
an object of great fundamental interest that has challenged research-
ers since its discovery3,4. To appreciate the system in full, it is vital to
understand the initial steps from photodetachment to eaq
− formation.
Femtosecond pump–probe experiments have been used to unravel
details of the equilibration processes following trapping by the
solvent5–12. In addition, picosecondmeasurements on the recombina-
tion kinetics of eaq
− have described the ejected electron's migration
lengths from its geminate partners13–22. These studies evoke a
picture of an excess electron that is ﬁrst delocalized in the conduction
band and then localizes to the hydrated electron eaq
− within about a
picosecond. According to a simple particle-in-a-box picture, such a
localization should be accompanied by a shift in the absorption spec-
trum from potentially the terahertz or even gigahertz regions through
the mid-infrared and to the visible (VIS) spectral range. Indeed, the
latter stages of this process have been observed in femtosecond
pump–probe experiments in the mid-infared9–11,23,24 or near-infrared
(NIR)/VIS regime10,14,24, but the initial frequency at which this
process starts, which is directly related to the initial degree of deloca-
lization of the excess electron, has not yet been explored.
According to current knowledge there is a threshold in the
photodetachment between molecular-based mechanisms and bulk
excitation to delocalized states17,21. With high enough energies
given to the ejected electron, the conduction band can be reached
directly, leaving the nuclear positions unchanged. Given the inhom-
ogeneity in the water hydrogen-bonding network, the threshold
energy for this vertical ionization mechanism is ∼9.8–9.9 eV
(ref. 21), ∼0.5–1 eV below the vacuum level (it should be added,
however, that other works have estimated a much smaller width
of the conduction band based on an extrapolation from clusters25).
Below this threshold, the conduction band is not directly accessible
and eaq is formed via mechanisms involving nuclear degrees of
freedom in the sense of solvation.
The electronic structure of eaq
− is understood to be s-like in char-
acter, with the absorption relating primarily to the s→ p transition.
Rossky and co-workers have pioneered this interpretation based on
pseudopotential calculations26, revealing an eaq
− that occupies a
quasi-spherical cavity with a radius of ∼2.5 Å surrounded by four
to six water molecules. Recent ab initio molecular dynamics simu-
lations have shown that eaq
− has a rather complex structure. Its
largest part resides in a cavity, but there is also a sizeable diffuse
part, as well as a signiﬁcant part that overlaps with the surrounding
water molecules27. This picture lies somewhere between the consen-
sus based on most pseudopotential calculations26,28 and a rival new
pseudopotential model that predicts a signiﬁcantly larger strongly
delocalized hydrated electron, even in the equilibrated ground
state29,30. Note that an ab initio molecular dynamics approach by
construction accounts for more quantum electronic structure
effects than pseudopotentials, with the latter also being more
prone to potential parameterization artefacts.
The terahertz response of a solvated electron has been exploited
before, but only in n-hexane, in which solvation is so weak that the
electron remains delocalized for a very long time31. Here, we extend
the concept to water. That is, we present direct evidence of a (very
short-lived) delocalized electron immediately after photoionization
using optical-pump–terahertz-probe spectroscopy, and follow its
localization upon solvation. Corresponding ab initio molecular
dynamics simulations capture the subsequent stages of electron
localization, thereby bridging the domains of the present time-
resolved terahertz measurement and the previous ultrafast exper-
iments in the mid-infrared to VIS spectral regimes9–11,14,23,24.
Results
Experimental. Figure 1 presents the terahertz response of the excess
electron in water as a function of the pump–probe delay time tpp,
with the terahertz scanning time tTHz kept ﬁxed to the peak of the
terahertz probe ﬁeld. Pump pulses at 266 nm, 400 nm and 800
nm were used with irradiances of 0.08 TW cm−2, 0.3 TW cm−2
and 1.9 TW cm−2, respectively, which resulted in eaq
−
concentrations of 20 µM, 110 µM and 65 µM, as determined from
accompanying experiments using a 800 nm probe pulse
(Supplementary Fig. 4)32. Although it is well established that
pumping at 266 nm and 400 nm generates eaq
− by multiphoton
processes, the photolysis of neat water with 800 nm (1.54 eV)
pulses has been explored much less33,34, because the ionization
process is not nearly as well characterized. The matching
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irradiance dependencies of the terahertz and NIR responses shown
in Supplementary Fig. 2 prove that the terahertz signal indeed
originates from excess electrons for all pump wavelengths. The
266 nm and 400 nm pump data follow the expected second- and
third-order power laws24,35, whereas the 800 nm pump signal
depicts a threshold behaviour with ∼1 TW cm−2 as the onset of
ionization. Such a threshold behaviour indicates that a strong-ﬁeld
ionization rather than a multiphoton mechanism is behind the
photo detachment with 800 nm photons, in accordance with the
conclusions from ref. 34. The signal drop with circularly polarized
pump light shown in Supplementary Fig. 3 also provides strong
evidence for that interpretation36.
Geminate recombination of eaq
− proceeds in a diffusive manner and
hence is a measure of the initial delocalization length, which in turn
has been shown to depend on the excitation energy14,18–21,37,38.
Supplementary Fig. 4 shows the recombination kinetics measured
for 266 nm, 400 nm and 800 nm pumping, respectively. Comparing
the recombination kinetics with refs 20 and 21, we estimate that
800 nm pumping results in an effective excitation energy of 12.4 eV
and an average ejection length of ∼38 Å. At this energy the electron
reaches the conduction band vertically19, or even states above the
vacuum level (which we expect to relax very quickly in bulk solution).
With this in mind, we return to the discussion of the terahertz
response (Fig. 1). During the ﬁrst few hundred femtoseconds, the
terahertz responses for all pump wavelengths exhibit a fast rise to
a peak value followed by a decay (Fig. 1a). The 800 nm pump
trace has the largest amplitude and an initial decay with a time con-
stant of ∼0.2 ps down to a small offset that remains constant until
the end of the scanning range (Fig. 1b, red). The asymmetric
shape of the initial signal indicates that the decay is not instru-
ment-response-limited. The 266 nm pump trace, in contrast,
initially exhibits a much sharper symmetric spike, which we con-
sider to represent the instrument response. The long-term offset
decays gradually afterwards. The 400 nm pump trace has an inter-
mediate behaviour with some sub-picosecond decay after the instru-
ment-response-limited peak. With respect to the initial evolution of
the ejected electron, the 800 nm pump data are the most conclusive,
and will be the subject of further discussion here.
The inset of Fig. 1a shows the spectral signature of the water
response upon 800 nm pumping, which has been extracted from a
full two-dimensional data set along both the pump–probe delay
time tpp and terahertz scanning time tTHz (Supplementary Fig. 5
see Supplementary Information for details, Fig. 1a)39,40. The spectral
response shows a broad band peaking at ∼1.5 THz, with a long tail
towards larger frequencies. In essence, the band shown in the inset
of Fig. 1a decays according to the red line of Fig.1a, but the sensitivity
of the method to details of the data does not allow us to extract an
additional time evolution of the spectral response as it decays.
The terahertz response could be of an electronic nature or due to a
change in the nuclear spectrum of a perturbed water network. For
example, the change in the molar extinction coefﬁcient of water
induced by dissolving NaCl is ∼1 × 10−2 mM−1 cm−1 (ref. 41).
Assuming that eaq
− and the geminate partners have a similar effect
on the terahertz water spectrum, the induced absorption change
would be as small as <0.05 mOD at the concentration of eaq
− generated
in our experiment—several orders of magnitude smaller than the
detected signal. The temperature jump induced by the pump
process also disturbs the water network to a certain extent, but we esti-
mate a temperature jump of∼0.2 °C, which in turn would result in an
increase in terahertz water absorption of ∼0.4 mOD (ref. 42), again
not sufﬁcient to explain the detected signal peaking at ∼27 mOD.
On the other hand, the ∼1 mOD signal size of the long-time offset
(Fig. 1b, red) is in fair agreement with our estimate of a temperature
effect. Indeed, that signal stays constant in time up to 300 ps, as
expected for a temperature jump, whereas the NIR-probe signal
(Fig. 1b, green), which probes geminate recombination of eaq
− , does
decay a little. However, it should be noted that a long-time signal
is also observed for 266 nm and 400 nm pumping, which is
larger and not constant in time but instead parallels geminate
recombination, so it cannot be due exclusively to heating. The effect
is not understood at present, and is probably related to the smaller
ejection length and different detachment mechanisms at these
pump wavelengths.
Nonetheless, the large amplitude of the initial terahertz signal
upon 800 nm pumping can only be explained as an electronic
response. The signal size of the initial peak for terahertz probing
and that observed after equilibration in the NIR regime are of
similar magnitudes (that is, ∼27 mOD and 7 mOD, respectively,
Fig. 1a and Supplementary Fig. 4). This equivalence is expected
for a particle-in-a-box description with an oscillator strength
f∝ ν |μ|2, whose transition frequency v scales as 1/rg2 (where rg is
the dimension of the box) and the transition dipole μ as rg.
Hence, as the initially delocalized electron localizes, its frequency
and thus its size vary over a wide range (by factors of 300 or 0.06,
respectively), while its oscillator strength stays constant (within a
factor of 4). Another interesting aspect of the terahertz response is
the complete lack of anisotropy (Supplementary Fig. 3) indicating
that the ejected electron has spherical symmetry from the very
beginning, as expected for an s-like wavefunction.
Computational. To aid the interpretation of the experiment and to
put it onto more quantitative grounds, we modelled the localization
process with ab initio molecular dynamics (AIMD) simulations.
The averaged time evolution of rg and of the lowest excitation
energy are shown in Fig. 2 together with the mean deviations. An
exponential ﬁt of the averaged rg reveals a time constant of 1 ps. At
the moment of electron attachment to the neutral water system, the
excitation energies for the excess electron are strongly redshifted
compared to the optical absorption of a hydrated electron in
equilibrium. However, as the excess electron localizes and shrinks,
the optical spectrum converges to that of a hydrated electron.
The maximum size of the attached electron in our simulations is
limited by the size of the quantum-mechanical (QM) subsystem to
∼7 Å. The simulations thus aim at ﬁlling the gap between the
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Figure 1 | Terahertz response to photoionization of neat water. a, The
800 nm pump (red triangles) with a single exponential ﬁt (200 fs, red line),
400 nm pump (blue ﬁlled squares) and 266 nm pump (open black circles).
The 400 and 266 nm pump traces are scaled to the eaq
− concentration in the
800 nm pump measurement. Inset: spectral signature of the excess electron
upon 800 nm pumping deduced from a two-dimensional scan. This initial
spectrum peaks at ∼1.5 THz. b, The long-time terahertz response with the
800 nm pump (red, scaled by factor of 11) remains constant, whereas
the response probed at NIR shows clearly the geminate recombination
kinetics (green).
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initially strongly delocalized electron absorbing in the terahertz
region and the (practically) localized electron probed in the NIR
spectral region. To get even closer to the experimentally measured
absorption in the terahertz region, additional electron attachment
calculations to neat water systems with larger QM subsystems
(either 64 QM and 960 molecular mechanical (MM) H2O, or
256 QM and 3886 QM H2O) have been performed. In this case,
we recorded only the initial size (t = 0) of an excess electron attached
to snapshots sampled from six trajectories of neat water covering
almost 30 ps, yielding electron sizes of around 7 Å.
Figure 3 depicts the ﬁrst excitation energy plotted against the rg
of the excess electron from all the above simulations. The depen-
dence is reminiscent of the behaviour of a particle-in-a-box
system. However, we have shown previously that the hydrated elec-
tron is of a much more complex nature27. Nevertheless, it is still
possible to ﬁt the data accurately using a particle-in-a-box
formula, that is, the a/rg2 relationship, which indicates that this be-
haviour of the hydrated electron is rather robust with respect to the
particular model employed for its description28. The present ﬁtting
allows us to extrapolate to size and excitation energy ranges that are
not directly accessible to the AIMD simulations. Although the simu-
lated data exhibit a certain spread, they can clearly be ﬁtted to a
straight line in the log–log plot, and faithfully extended to electron
sizes pertinent to the terahertz region. From such an extrapolation,
the radius of gyration of an excess electron with a ﬁrst excitation
2.0
2.0
1.8
1.6
1.4
1.2
1.0
0.8
0.6
0.4
0 500 1,000 1,500 2,000
Time (fs)
2,500 3,000
2.5
3.0
3.5
r g
 
(Å
)
E
e
xc
 (eV)
4.0
4.5
5.0
5.5
6.0
Figure 2 | Averaged radius of gyration rg (blue) and lowest excitation energy (green) of an excess electron attached to neat water system as a
function of time. Data are calculated every 50 fs using time-dependent density functional theory (TD-DFT) and are presented together with shading
depicting the corresponding mean deviations and an exponential ﬁt with a 1 ps time constant (dashed line). Three exemplary snapshots along a
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energy of 1.5 THz, as determined experimentally (Fig. 1a, inset),
would be ∼40 Å (see ﬁt in Fig. 3). It is remarkable that this
number is very close to the ejection length, which has been esti-
mated independently from the recombination kinetics
(Supplementary Fig. 4) along the lines of ref. 21.
Discussion
The picture that emerges from our combined experimental–theor-
etical study is depicted schematically in Fig. 4. The initially gener-
ated electron is rather delocalized with a radius rg of at least 40 Å
(we cannot entirely rule out that electron delocalization is even
larger at the very moment of the photoionization event). It is reason-
able to assume that the initially generated electron is essentially
centred around the ionized water molecule (Fig. 4a). The water mol-
ecules then solvate the electron and its size reduces considerably. If
the probability of becoming trapped at a particular position is pro-
portional to the initial electron density, then the mean distance of
the localized electron from the origin roughly equals its original
radius of gyration (Fig. 4b), explaining why initial delocalization
length and ﬁnal ejection length are the same, within error. During
the complete collapse of the electron wavefunction (occurring on
a 1 ps timescale; Fig. 2), the absorption sweeps from the terahertz
into the NIR regime. That is, it leaves our terahertz observation
window after ∼200 fs (Fig. 1), then appears in the mid-IR9–11,23,24
and eventually the NIR spectral range upon full solvation10,14,24.
Subsequently, the hydrated electron recombines in a diffusive
process on a much slower timescale (Fig. 4c).
In conclusion, time-resolved terahertz spectroscopy captures the
early stages of the photodetached electron and furthermore provides
a direct measure of its initial size. The ejection length after solvation
agrees extremely well with the initial size of the electron estimated
from the terahertz experiment and ab initio molecular dynamics
simulations. To date, the only experimental measure of the initial
size of the electron has used the geminate recombination kinetics
of the eaq
− /hole pair as an indirect ‘ruler’, the standing hypothesis
being that the ejection length is directly related to the initial size
of the electron's wavefunction19. However, seeing is believing, and
we can now conclude that this assumption is indeed correct, at
least in the case of above-threshold photolysis. Thus, our exper-
imental and computational studies paint a more complete picture
of the initial steps involved in eaq
− formation, with the electron res-
onance sweeping continuously through the spectrum from the
terahertz regime into the NIR regime as the electron localizes.
The work paves the way towards understanding water's character
as a temporary liquid semiconductor.
Methods
The response of the excess electron in water was measured using an optical-pump
terahertz-probe set-up43 with the spectrum of the terahertz pulses peaking at
∼1.0 THz and covering a bandwidth of ∼0.3–5 THz. For the AIMD simulations an
electron was vertically attached into the conduction band (which is 0.5–1 eV below
the vacuum level according to our AIMD model) to a neat water system of 32 QM
water molecules surrounded by 992 MM water molecules with periodic boundary
conditions. Data were collected from seven independent trajectories. The optical
spectrum was calculated along the trajectories every 50 fs. The size of the excess
electron during localization was taken as the radius of gyration of the spin density
(see Supplementary Information Section II for details).
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2I. EXPERIMENTAL PROCEDURES
A. Experimental Setup
A schematic representation of the optical-pump THz-probe spectrometer used in the ex-
periments is presented in Supplementary Figure 1. The setup is driven by an amplified 5-kHz
laser system (Spectra Physics) that provided 110-fs, 800-nm pulses for all the experiments.
A small portion of the laser output was used to create and detect the THz probing pulses
in two 0.1-mm-thick (110)GaP crystals by optical rectification and electro-optic sampling,
respectively. THz generation beam was chopped at a quarter of the laser frequency and
focused to the generation crystal to a spot size of 50 µm. Pulse energy was 10 µJ resulting
in a clean half-cycle THz pulse. The pulse transmitted through the water sample is shown
in Supplementary Figure 1b; the spectrum peaks at ≈1.0 THz and extends from ≈0.3 THz
to ≈5 THz with almost a flat phase across the spectrum.
The THz pulses were collected and focused onto the sample and then onto the detection
crystal by two custom-made elliptical aluminium mirrors (2f = 83 mm) to a diffraction
limited spot size of ≈150 µm. The detecting 800-nm beam was coupled to the detecting
crystal via a delay stage (gating delay, tTHz) and through a small hole in the second elliptical
mirror. After the detection crystal, the detection beam passed first through a set of four
ZnSe Brewster-angle windows, a quarter-wave plate and a Wollaston polarizer and then fell
on two balanced photodiodes that detected the difference between s and p polarizations. The
ZnSe Brewster windows enhance the sensitivity of the electro-optic detection by increasing
the ratio between the measured signal and the amount light on the detector (the details of
this detection enhancement will be discussed in a separate publication). The photodiode
signals were then amplified, integrated in a boxcar integrator and recorded in a computer
on a single-shot basis.
Approximately 200 µJ/pulse of the laser output was used for the photoionizing pulses.
These pump pulses were passed through an optical delay stage controlling pump-probe delay
(tpp) and then modulated at half of the laser frequency with a chopper. For 800-nm pumping
the pulses were used as such. For the 400 nm pumping a 100 µm BBO crystal was used, and
for the 266-nm pump pulses, a frequency doubling and a mixing BBO crystals were in use.
The pump pulses were focused with a lens (f = 1 m) and coupled onto the sample collinearly
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Supplementary Figure 1: (a) The optical pump THz probe experiment.(b) THz reference pulse
Eref and (c) THz input pulse ETHz, which have been determined as discussed in the text. The
insets show frequency domain representation of the pulses.
with the THz pulses through a small hole in the first elliptical mirror. The spot size at the
sample was adjusted to about 150 µm by keeping the focus ≈4 cm after the sample. We
verified that no distortions in the jet nor in the 800-nm 200-µJ/pulse beam occurred, and
that no white light was created in the jet. In the irradiance dependency measurements we
used an adjustable neutral density filter to control the pump irradiance at the sample.
Electro-optic sampling measures directly the transmitted THz field and the generated
pump-probe field. Fields are additive and thus the signal was calculated as the difference
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4between pumped and un-pumped sample:
S(tpp, tTHz) = (SPumpOnTHzOn − SPumpOnTHzOff)− (SPumpOffTHzOn − SPumpOffTHzOff) 1
In the NIR-probing experiments, the GaP generation crystal was removed, and the 800-nm
pulses were used as probe light by detecting their transmission directly the sample by a
single photodiode (PDA55, ThorLabs inc.).
In all the experiments, the water sample (triple-distilled water) flowed in a 50-µm-thick
wire-guided, gravity-driven jet having no windows. Hence, artifacts from windows as well as
any accumulative thermal effects in the excitation volume were avoided. The thin jet also
provided a uniform excitation across the water sample as well as prevented any white-light
generation when using the high irradiance needed in the 800-nm pumping measurements.
The THz section of the setup was purged by nitrogen to completely remove water vapour.
All measurements were performed at room temperature.
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Supplementary Figure 2: Irradiance dependencies of the signals probed with THz (top row) and
800-nm pulses (bottom row). All irradiance responses were determined at the peak of the signals.
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5B. Irradiance and Polarization Dependence
For additional confirmation of the origin of the detected THz signals, we performed
irradiance dependency measurements by varying the pump-pulse energies and compared the
results between NIR and THz probing. As shown in Supplementary Figure 2, the signals
probed in NIR and in THz show matching irradiance dependencies, evidencing that both
signals stem from the created excess electrons. The 266-nm and 400-nm pump signals follow
second-order an third-order power laws, respectively, indicating a two-photon and a three-
photon process, respectively. In contrast, the 800-nm-pump data does not fit well with a
power law but instead shows a threshold-like behavior with ≈1 TW/cm2 as the ionization
threshold.
Finally, we measured the THz response varying the polarization of the pump pulse as
parallel or perpendicular with respect to the THz probing pulse. As can be seen in Supple-
mentary Figure 3 the traces measured with parallel and perpendicular polarizations between
the 800 nm pump and THz probe pulses overlap perfectly showing no anisotropy even at
the earliest times. On the other hand, with circular polarization the signal size drops signif-
icantly to about 30%. The decrease is seen also in the long time signal, which we attribute
to a heating of the bulk solution, suggesting that less 800 nm light in total is absorbed as
the photo-ionization process becomes less efficient.
- 1 0 1 2 3
 
 
t p p ( p s )
 P a r a l l e l P e r p e n d i c u l a r C i r c u l a r
Supplementary Figure 3: Polarization dependencies of the 800-nm-pump THz-probe signal. Par-
allel pump and probe polarizations (black line), perpendicular pump and probe polarizations (red
line) and circular pump polarization (green line).
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Supplementary Figure 4: Solvated electron recombination kinetics and early-time dynamics probed
at 800 nm. The induced absorption signals probed at near infrared (NIR, 800 nm) with excitation
wavelengths of 266-nm (black circles), 400-nm (blue squares) and 800-nm (red triangles) pump
pulses are shown. The inset shows the 800-nm probing traces in the first 5 ps time window. The
266-nm and 400-nm traces are scaled to the same concentration of hydrated electrons as the 800 nm
trace at tpp = 3 ps.
C. Ejection Length
The ejection lengths of the hydrated electrons were estimated by monitoring the decay of
e−aq concentrations from the NIR response due to geminate recombination with H3O
+
aq and
OH•aq (Supplementary Figure 4). The 400-nm and the 266-nm data have been normalized
to the 800-nm data at 3 ps delay, when e−aq is already in its fully relaxed and solvated form.
The 266-nm-pump data shows approximately 62% survival yield after 300 ps, which agrees
well with Refs. [1, 2]. Assuming a diffusive process, an ejection length of about 1.4 nm has
been estimated from that drop of the signal [2]. The 400-nm-pump trace shows a slower
decay and the comparison with Elles et al. [2] reveals an average ejection length in the order
of 2.4 nm. The 800-nm-pump trace shows clearly the slowest recombination rate and closely
matches with the 12.4-eV data in Lian et al., having an approximate survival yield of 90%
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7at 300 ps [3].
D. Equilibration of the Hydrated Electron
The inset of Supplementary Figure 4 shows the 800-nm probing traces within the first 5
picoseconds. Again, the 400-nm and the 266-nm data have been normalized to the 800-nm
data at 3 ps tpp delay. The traces show how the excess electron absorption spectrum arrives
from lower frequencies to the equilibrium spectrum that peaks at 720 nm. The 800-nm
pump trace clearly rises slower and depicts less of an initial decay. These features are in
agreement with the picture of larger initial delocalization with 800-nm strong-field ionization
that results in a delayed arrival of the spectrum at 800 nm as well as reduced fraction of
fast recombination processes occurring before the equilibration is complete.
E. Extracting the Spectral Response
The measured signal originates from a 3rd-order polarization that can be expressed as a
convolution of a response function with the laser pulses:
P (3)(tTHz; tpp) =
∫ ∞
0
∫ ∞
0
dt′ppdt
′
THzETHz(tTHz − t′′) 2
·Ipump(tTHz + tpp − t′THz − t′pp)R(t′THz, t′pp).
where the pump-pulse Ipump, which is much shorter and simpler in structure than the THz
probe pulse ETHz, is typically convoluted into an effective response function [4]. The response
function R(tTHz, tpp) is the property we ultimately want to determine because it contains
the molecular information. In order to extract it, Supplementary Equation 2 needs to be
deconvoluted and propagation effects within the sample, which ultimately translate the 3rd-
order polarization P (3)(tTHz; tpp) into a 3rd-order field E
(3)(tTHz; tpp), as well as those from
the sample to the detection crystal need to be taken into account. Kuzˇel and coworkers [4, 5]
have worked out how to do that, and we essentially follow their approach. That is, we
calculated the frequency domain response along the lines of Eq. 42 of Ref. [4]:
R(ωTHz, ωpp) =
1
iωTHZ
· S(ωTHz, ωpp)
Eref(ωTHz)
· ETHz(ωTHz)
ETHz(ωTHz − ωpp) 3
where S(ωTHz, ωpp) is the two-dimensional Fourier-transformation of the time-domain data
shown in Supplementary Figure 5a. Eref(ωTHz) is the THz pulse transmitted through the
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Supplementary Figure 5: (a) 2D time-domain and (b) 2D frequency-domain representation of the
measured response function. In the latter, case the imaginary part of R(ωTHz, ωpp) is shown as
calculated from Supplementary Equation 3. Regions where the data are not meaningful, i.e., where
the terms in the denominators of Supplementary Equation 3 are too small, are blanked out. In the
left panel, the signal size is given as a percentage of the THz-pulse field transmitted through the
water sample.
sample to the detection crystal (Supplementary Figure 1b) and ETHz(ωTHz) is the pulse at the
input of Supplementary Equation 2 (Supplementary Figure 1c). Eref(ωTHz) is continuously
measured during data acquisition by calculating Eref(tTHz) = SPumpOffTHzOn−SPumpOffTHzOff ,
and normalizes out propagation effects from the sample to the detector [4]. ETHz(ωTHz)
has been measured independently by moving the detection crystal to the sample position,
and by removing the spectral response of the detection crystal using the same procedure as
described in detail in Ref. [6].
With the factor iωTHz in Supplementary Equation 3 we take a simpler approach than
Ref. [4]. That is, rather than taking dispersion and absorption effects into account explicitly
during the non-linear interaction in the sample, we treat them as a linear response. To
that end, we effectively split the water jet into two halves and assume that the nonlinear
interaction happens in the middle of the jet. We then group the first half of the dispersion
and the absorption into ETHz(ωTHz) and the second half into the propagation of the emitted
field to the detector (the procedure is described in more detail in Supporting Information of
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9Ref. [6]). This simplifying approach is justified since the dispersion and the absorption are
kept small in the thin water jet. The process is thus quasi-phase-matched and the generated
3rd-order field E(3)(tTHz; tpp) is connected to the 3rd-order polarization P
(3)(tTHz; tpp) by a
simple time-derivative that, in these limits, is expressed by the factor iωTHz in Supplementary
Equation 3 (see Eq. 54 of Ref. [5]).
Supplementary Figure 5b shows the resulting response function =R(ωTHz, ωpp) calculated
from Supplementary Equation 3. Regions where the data are not meaningful, i.e., where
the terms in the denominators of Supplementary Equation 3 are too small, are blanked
out. A peak centered at ωpp = 0 can clearly be identified; Fig. 1 shows a vertical cut
through that peak along ωpp = 0. Even though the peak is phase twisted with absorptive
and dispersive components, for ωpp = 0 only the absorptive component contributes along
ωTHz. We consider the 1D cut in the inset of Fig. 1 to be the spectral response of the excess
electron. The sensitivity of the method to details of the data (2D scan as well as pulses and
transfer functions) does not allow us to extract a time evolution of that spectral response
as a function of tpp.
II. COMPUTATIONAL METHODOLOGY
We performed combined quantum mechanics/molecular mechanics (QM/MM) molecular
dynamics simulation of aqueous bulk water after vertical attachment of an electron, further
denoted as electron localization dynamics. Furthermore, we computed the vertical attach-
ment of an excess electron along trajectories from molecular dynamics of neutral water
systems (electron attachment simulations).
Initial structures for all simulations were generated from classical molecular dynamics
(CMD) simulations with an extended, simple point charge model (SPC/E) [7] in an NpT
ensemble at p=1bar. Seven configuration with 1024 water molecules in total were taken
as input for the electron localization dynamics. 32 water molecules spherically surrounding
the center of the unit cell were assigned as QM region. The structures were periodically
replicated with a cubic unit cell of 3.1 nm length. All systems were equilibrated in an
NVT ensemble at 300 K. Then, the charge of the (QM) system was decreased by one and
molecular dynamics simulations were run until the excess electron localized and formed a
hydrated electron. This happened on a 1 ps timescale, as is shown in Figure 2. Here, the
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SUPPLEMENTARY INFORMATIONDOI: 10.1038/NCHEM.1995
NATURE CHEMISTRY | www.nature.com/naturechemistry 9
© 2014 Macmillan Publishers Limited. All rights reserved. 
 
10
radius of gyration of the spin density rg is plotted as a function of time for all trajectories
(in gray) and the average rg from all trajectories (in black). At t=0 the electron reaches the
boundaries of the QM region, however, only about 5% of the electron density leaks out of
the QM region. Moreover, within few femtoseconds the electron shrinks enough such that it
does not touch the QM/MM boundary and from that moment on this problem disappears.
For electron attachment simulations two system sizes, 1024 water molecules in a periodic
3.1 nm box and 4142 water molecules in a periodic 5.0 nm box, were considered. Five systems
with 64 QM and 960 MM water molecules and one system with 256 QM and 3886 MM water
molecules were equilibrated in an NVT ensemble with QM/MM and then structures were
sampled for 5 ps (64QM/960MM) and 2 ps (256QM/3886MM). The electronic structure
setup is similar to that of our previous simulations of a bulk-hydrated electron [8]. The
setup allows for reproducing well properties of the hydrated electron.
Simulations were performed with the QM/MM module of CP2K. [9] The density func-
tional used for calculating energies and forces is the combined Becke exchange [10] and
Lee, Yang, Paar correlation [11] functional. An additional spin-density dependent term
was added to correct for the spurious self-interaction error of the unpaired electron. [12]
A pairwise-additive potential was added to effectively account for dispersion effects. [13]
A moleculary optimized triple-ζ basis set with two polarization functions [14] was used
to expand the Kohn-Sham orbitals plus an auxiliary plane-wave basis with a kinetic en-
ergy cutoff of 280 Ry to describe the electron density. Norm-conserving pseudopotentials
of Goedecker-Teter-Hutter type replaced core-electrons. [15] Poisson’s equation for the QM
system is solved using density-derived atomic point charges [16] in the field of the periodi-
cally surrounding MM nuclei represented as Gaussian charge distributions. [17, 18] The QM
periodicity is explicitly taken into account. [18] Forces on the MM system were obtained
from a flexible SPC/E model. The smooth particle mesh technique was used to evaluate the
electrostatic potential of the periodically replicated MM system.
A. Evaluation of Optical Properties
The first three lowest excitation energies were evaluated along the localization trajectories
with a stride of 50 fs using time-dependent density functional theory (TD-DFT) in its linear
response formulation [19] using the NWChem program package. [20] In these calculations
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11
the unit cell was replicated once in each direction to avoid spurious effects at the boundaries.
The MM atoms were represented by point charges according to the SPC/E parametrization.
The B3LYP functional [11, 21–23] in combination with an atom-centered double-ζ basis set
with diffuse and polarization functions [24, 25] on all QM nuclei was chosen as it reproduces
spin densities closely to the QM/MM molecular dynamics setup. For the systems with
larger QM subsystems (either 64 QM or 256 QM atoms) calculating the excitation energies
explicitly is computationally too demanding. We thus calculated the gap between highest
occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO). The
gap energy was then scaled to obtain an estimate for the first excitation energy. The scaling
factor was taken as the ratio between HOMO/LUMO gap and the excitation energy in
the smallest system were we calculated both excitation and gap explicitly. This scaling
factor was on average 0.79. As the HOMO/LUMO gap employing the before-mentioned
self-interaction correction resulted in unrealistic, negative HOMO/LUMO gaps, we used
the plain BLYP functional to calculate the HOMO/LUMO gaps. The HOMO/LUMO gaps
between the BLYP and B3LYP setup differ by a factor of 1.64, which has been accounted
for.
2 3 4 5 6 7 8 9 10
rg [A˚]
0.0
0.5
1.0
1.5
2.0
2.5
E
ex
c
[e
V
]
best fit
particle in a box
Supplementary Figure 6: Red line: Best fit of the dependence of the first excitation energy on
the radius of gyration to a a/r2g relationship (same as in Fig. 3) and green line: particle-in-a-box
relationship.
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B. Particle-in-a-box fit
Supplementary Figure 6 shows the best fit of the dependence of the first excitation energy
on the radius of gyration to a a/r2g relationship (same as in Fig. 3) as well as the analytical
result for a particle in a 3D box (i.e., Eq. 8 from Ref. [26]). The fit reveals a = 10.5 eVA˚2
while the corresponding value for a particle in a 3D box is 11 eVA˚2.
[1] Crowell, R. A. and Bartels, D. M. Multiphoton ionization of liquid water with 3.0-5.0 eV
photons. J. Phys. Chem. 100, 17940–17949 (1996).
[2] Elles, C. G., Jailaubekov, A. E., Crowell, R. A., and Bradforth, S. E. Excitation-energy
dependence of the mechanism for two-photon ionization of liquid H2O and D2O from 8.3 to
12.4 eV. J. Chem. Phys. 125, 044515 (2006).
[3] Lian, R., Oulianov, D. A., Shkrob, I. A., and Crowell, R. A. Geminate recombination of
electrons generated by above-the-gap (12.4 eV) photoionization of liquid water. Chem. Phys.
Lett. 398, 102–106 (2004).
[4] Neˇmec, H., Kadlec, K., and Kuzˇel, P. Methodology of an optical pump-terahertz probe
experiment: An analytical frequency domain approach. J. Chem. Phys. 117, 8454 (2002).
[5] Kuzˇel, P., Neˇmec, H., and Kadlec, K. Propagation of THz pulses in photoexcited media:
Analytical theory for layered systems. J. Chem. Phys. 127, 024506 (2007).
[6] Savolainen, J., Ahmed, S., and Hamm, P. Two-dimensional Raman-terahertz spectroscopy of
water. Proc. Natl. Acad. Sci. USA 110, 20402–20407 (2013).
[7] Berendsen, H. J. C., Grigera, J. R., and Straatsma, T. P. The missing term in effective pair
potentials. J. Phys. Chem. 91, 6269–6271 (1987).
[8] Uhlig, F., Marsalek, O., and Jungwirth, P. Unraveling the complex nature of the hydrated
electron. J. Phys. Chem. Lett. 3, 3071–3075 (2012).
[9] VandeVondele, J., Krack, M., Mohamed, F., Parrinello, M., Chassaing, T., and Hutter, J.
Quickstep: fast and accurate density functional calculations using a mixed gaussian and plane
waves approach. Comput. Phys. Commun. 167, 103–128 (2005).
[10] Becke, A. D. Density-functional exchange-energy approximation with correct asymptotic-
behavior. Phys. Rev. A 38, 3098–3100 (1988).
NATURE CHEMISTRY | www.nature.com/naturechemistry 1
SUPPLEMENTARY INFORMATIONDOI: 10.1038/NCHEM.1995
NATURE CHEMISTRY | www.nature.com/naturechemistry 12
© 2014 Macmillan Publishers Limited. All rights reserved. 
 
13
[11] Lee, C. T., Yang, W. T., and Parr, R. G. Development of the colle-salvetti correlation-energy
formula into a functional of the electron-density. Phys. Rev. B 37, 785–789 (1988).
[12] VandeVondele, J. and Sprik, M. A molecular dynamics study of the hydroxyl radical in
solution applying self-interaction-corrected density functional methods. Phys. Chem. Chem.
Phys. 7, 1363–1367 (2005).
[13] Grimme, S., Antony, J., Ehrlich, S., and Krieg, H. A consistent and accurate ab initio
parametrization of density functional dispersion correction (DFT-D) for the 94 elements H-
Pu. J. Chem. Phys. 132, 154104–154123 (2010).
[14] VandeVondele, J. and Hutter, J. Gaussian basis sets for accurate calculations on molecular
systems in gas and condensed phases. J. Chem. Phys. 127, 114105–114114 (2007).
[15] Goedecker, S., Teter, M., and Hutter, J. Separable dual-space gaussian pseudopotentials.
Phys. Rev. B 54, 1703–1710 (1996).
[16] Blochl, P. E. Electrostatic decoupling of periodic images of plane-wave-expanded densities
and derived atomic point charges. J. Chem. Phys. 103, 7422–7428 (1995).
[17] Laino, T., Mohamed, F., Laio, A., and Parrinello, M. An efficient real space multigrid QM/MM
electrostatic coupling. J. Chem. Theory Comput. 1, 1176–1184 (2005).
[18] Laino, T., Mohamed, F., Laio, A., and Parrinello, M. An efficient linear-scaling electrostatic
coupling for treating periodic boundary conditions in QM/MM simulations. J. Chem. Theory
Comput. 2, 1370–1378 (2006).
[19] Casida, M. Time-dependent density-functional response theory for molecules. In Recent Ad-
vances in Density Functional Methods, Part I, Chong, D., editor. World Scientific, Singapore
(1995).
[20] Valiev, M., Bylaska, E., Govind, N., Kowalski, K., Straatsma, T., Dam, H. V., Wang, D.,
Nieplocha, J., Apra, E., Windus, T., and de Jong, W. Nwchem: A comprehensive and
scalable open-source solution for large scale molecular simulations. Comput. Phys. Commun.
181, 1477–1489 (2010).
[21] Becke, A. D. Density-functional thermochemistry. III. The role of exact exchange. J. Chem.
Phys. 98, 5648–5652 (1993).
[22] Vosko, S. H., Wilk, L., and Nusair, M. Accurate spin-dependent electron liquid correlation
energies for local spin density calculations: a critical analysis. Can. J. Phys. 58, 1200–1211
(1980).
NATURE CHEMISTRY | www.nature.com/naturechemistry 1
SUPPLEMENTARY INFORMATIONDOI: 10.1038/NCHEM.1995
NATURE CHEMISTRY | www.nature.com/naturechemistry 13
© 2014 Macmillan Publishers Limited. All rights reserved. 
 
14
[23] Stephens, P. J., Devlin, F. J., Chabalowski, C. F., and Frisch, M. J. Ab initio calculation of
vibrational absorption and circular dichroism spectra using density functional force fields. J.
Phys. Chem. 98, 11623–11627 (1994).
[24] Hehre, W., Ditchfield, R., and Pople, J. Self-consistent molecular-orbital methods. 12. Further
extensions of gaussian-type basis sets for use in molecular-orbital studies of organic-molecules.
J. Chem. Phys. 56, 2257–2261 (1972).
[25] Krishnan, R., Binkley, J., Seeger, R., and Pople, J. Self-consistent molecular-orbital methods.
20. Basis set for correlated wave-functions. J. Chem. Phys. 72, 650–654 (1980).
[26] Jacobson, L. D. and Herbert, J. M. Theoretical characterization of four distinct isomer types
in hydrated-electron clusters, and proposed assignments for photoelectron spectra of water
cluster anions. J. Am. Chem. Soc. 133, 19889–19899 (2011).
NATURE CHEMISTRY | www.nature.com/naturechemistry 1
SUPPLEMENTARY INFORMATIONDOI: 10.1038/NCHEM.1995
NATURE CHEMISTRY | www.nature.com/naturechemistry 14
© 2014 Macmillan Publishers Limited. All rights reserved. 
 
114 A.6 THz echoes reveal the inhomogeneity of aquaous salt solution
A.6 THz echoes reveal the inhomogeneity of aquaous salt
solution
Reprinted from the ref. [99], with the permission of Nature Publishing Group (Macmillan
Publishers Limited).
A.6.1 Contribution to this paper
Saima Ahmed performed the experiments with Dr. Andrey Shalit.
Terahertz echoes reveal the inhomogeneity of
aqueous salt solutions
Andrey Shalit, Saima Ahmed, Janne Savolainen and Peter Hamm*
The structural and dynamical properties of water are known to be affected by ion solvation. However, a consistent
molecular picture that describes how and to what extent ions perturb the water structure is still missing. Here we apply
2D Raman–terahertz spectroscopy to investigate the impact of monatomic cations on the relaxation dynamics of the
hydrogen-bond network in aqueous salt solutions. The inherent ability of multidimensional spectroscopy to deconvolute
heterogeneous relaxation dynamics is used to reveal the correlation between the inhomogeneity of the collective
intermolecular hydrogen-bond modes and the viscosity of a salt solution. Speciﬁcally, we demonstrate that the relaxation
time along the echo direction t1 = t2 correlates with the capability of a given cation to ‘structure’ water. Moreover, we
provide evidence that the echo originates from the water–water modes, and not the water–cation modes, which implies
that cations can structure the hydrogen-bond network to a certain extent.
Despite signiﬁcant experimental and theoretical efforts overseveral decades, the microscopic mechanisms that lead tothe various anomalous properties of water, whether as the
neat substance or as a primary biological solvent, are far from
being fully understood. The general consensus nowadays is that
the ability of water to form complex hydrogen-bond networks is pri-
marily responsible for the discrepancies in its various dynamical
and thermodynamical properties compared with those of simple
liquids1,2. However, the exact structure of these hydrogen-bond
networks, the spatial extent to which they persist as well as the
relevant timescales are not known. Nevertheless, the language of
‘water structure’ has been widely adopted on a rather empirical
level, particularly when attempting to elucidate the effect of ions
on the surrounding water molecules upon solvation.
It was ﬁrst observed by Poiseuille in 18473 that the viscosity of
water (η) changes upon the solvation of simple inorganic salts in an
ion-speciﬁc manner. Later, the semi-empirical Jones–Dole equation4
η/ηw = 1 + Ac
1/2 + Bc + Dc2 . . . (1)
was put forward to quantify this behaviour, where ηw is the viscosity
of neat water and c the ion concentration. Coefﬁcients A and D
result from the long-range Coulombic forces and ion pairing,
respectively, whereas B, which depends on ion–water interaction,
has remained largely empirical up to now5. Depending on the
sign of the B coefﬁcient, ions are usually categorized as either ‘struc-
ture makers’ (B > 0) or ‘structure breakers’ (B < 0) (refs 6,7), again
without a comprehensive molecular picture behind these terms.
At least for simple monatomic ions, the viscosity effect correlates
with the charge density, that is, with an increasing charge and
decreasing size of an ion the viscosity effect increases. Although it
is quite clear that solvated ions dramatically affect the hydrogen-
bond network in their immediate vicinity because of electrostatic
interactions, the question remains whether this effect extends
beyond the ﬁrst solvation shell.
The extensive experimental and computational studies, which
include NMR spectroscopy8, dielectric relaxation9–11, diffraction
methods12–14, ultrafast vibrational spectroscopies11,15–19 and molecu-
lar dynamics (MD) simulations20,21, over the years have resulted in
very diverse and sometimes conﬂicting interpretations of ion
solvation. For example, neutron-scattering experiments by Soper
and co-workers have indicated an inﬂuence of ions on the second
peak of the oxygen–oxygen radial distribution function, which
reﬂects the tetrahedral hydrogen-bond structure of water13.
However, these experiments revealed no difference when comparing
monovalent Na+ with divalent Mg2+ cations14, and thus they do not
follow the macroscopic viscosity trend discussed above. On the
other hand, ultrafast infrared measurements of isotope-diluted
water (HOD in H2O) by Bakker and co-workers demonstrated
that the orientational relaxation of waters beyond the ﬁrst solvation
shell is not affected by ion solvation, even at very high salt
concentrations15. Later, this claim was somewhat softened when
longer-range effects were observed for speciﬁc combinations of
strongly hydrated ions19. The seemingly contradicting inter-
pretations might stem from the fact that each of these technique
is sensitive only to a speciﬁc property of the hydrogen-bond
network. That is, diffraction methods can capture only the average
structure, omitting any dynamical aspect, whereas ultrafast infrared
spectroscopy, which possesses the necessary time resolution, is able
to measure the hydrogen-bond dynamics only indirectly and only
very locally by typically monitoring the intramolecular hydroxyl-
stretch vibration of the water molecule.
A more direct measurement of the effect of salts on the hydrogen-
bond network was performed by Meech and co-workers22,23. They
applied ultrafast heterodyne-detected optical Kerr effect (OKE) spec-
troscopy to study the inﬂuence of hydrated ions on the collective
intermolecular modes of water in the low-frequency spectral region
below 1,000 cm–1. Various terahertz (THz) absorption24,25 and
Raman-scattering techniques26,27 established that the spectral
response in this region is governed by the water’s intermolecular
degrees of freedom and consists mainly of three broad peaks
around 600 cm–1 (hindered rotations), 200 cm–1 (hydrogen-bond
stretch) and 60 cm–1 (hydrogen-bond bend). The polarization sensi-
tivity as well as the time resolution offered by OKE allows one to dis-
entangle the water-ion contribution (isotropic response) from the
collective response of the hydrogen-bond network (anisotropic
response). It has been shown that the decay time of the anisotropic
signal correlates with viscosity, where aqueous salt solutions with
strongly hydrated ions show signiﬁcantly slower relaxation dynamics23.
Nevertheless, OKE spectroscopy as a one-dimensional (1D) technique
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is unable to provide information regarding the inhomogeneity of
the vibrational dynamics28 that reﬂects the structural heterogeneity
induced by solvated ions.
To resolve such an inhomogeneous distribution, a measurement
of higher-order correlation functions is required, which is usually
achieved by means of multidimensional spectroscopy, in which
the system is subjected to multiple perturbations29. Low-frequency
molecular resonances can be probed either directly by THz electro-
magnetic ﬁelds through the dipole moment or indirectly by Raman
interaction through a molecular polarizability. Following the
advances in the generation of strong THz ﬁelds30 required for a non-
linear interaction, various multidimensional THz techniques have
emerged recently, but their applicability is currently limited to semi-
conductor solids31 or molecules in the gas phase32. To investigate
intermolecular collective modes of liquids in the low-frequency
range of a few 100 cm–1, over 20 years ago Tanimura and
Mukamel proposed ﬁfth-order 2D Raman spectroscopy33;
however, the realization of that experiment turned out to be excep-
tionally difﬁcult because of the cascading of lower-order nonlinear
processes34. The ﬁfth-order Raman signal could be isolated for
certain liquids, such as CS2 or formamide35–38, but not yet for
water because of its very weak Raman cross-section. Only very
recently was the cascading problem overcome in a single-beam
spectrally controlled technique39.
Our group has proposed a hybrid method, denoted 2D Raman–
THz spectroscopy40,41. Although it reveals similar information, the
new approach is experimentally more feasible than 2D Raman
spectroscopy because of the inherent elimination of cascading
effects and the large THz cross-section of water; indeed, very recently
the ﬁrst 2D Raman–THz experiment of neat water at ambient con-
ditions was carried out42. In the so-called Raman–THz–THz pulse
sequence shown in Fig. 1, two non-resonant ﬁeld interactions
induce a Raman transition and excite an intermolecular vibrational
coherence, which quickly dephases because of homogeneous as
well as inhomogeneous line broadening. After a time t1, the system
is perturbed a second time by a THz ﬁeld interaction, and is then
read out along t2 by the emission of a THz ﬁeld. The amount of
inhomogeneity can be monitored through the extent of the signal
along the diagonal t1= t2. That signal, usually denoted as an ‘echo’,
reﬂects the ability of the system to rephase the coherence after the
second perturbation29.
In the current work, we exploit the unique capabilities of this new
spectroscopic tool to investigate how the ‘structure-making’ capa-
bility of certain cations affects the 2D Raman–THz response. We
present a systematic study of a series of aqueous solutions of chlor-
ide salts Mn+Cln, where M
n+ is the cation varied from ‘structure
breaking’ (Cs+, B = −0.047 M–1) to structure making (Mg2+,
B = 0.385 M–1) (ref. 5). The Cl– anion was kept constant in this
series, because its B coefﬁcient is very close to 0 (B = −0.005 M–1;
B factors of cations and anions are essentially additive)5. We restrict
our study to simple monatomic cations, because the range of B coef-
ﬁcients that can be covered is much larger than would be possible
with the monatomic halide anions Cl– and Br– (ref. 5). (I– would
not be possible because of its low ionization threshold that leads
to dominating THz signals from solvated electrons43.) We use the
same cation concentration of 2 M throughout, which is not an
uncommon concentration range for these types of
studies13,15,19,21,22,44. In this concentration range the B term in
equation (1) dominates, whereas ion pairing and clustering,
described by the D term, do not yet play a signiﬁcant role. We
show that the inhomogeneity of the intermolecular hydrogen-
bond vibrations, measured via the extent of the echo signals along
the t1 = t2 diagonal, increases as the structure-making property of
the cation becomes larger.
Results
Figure 2a–d presents a series of 2D Raman–THz signals of 2 M
aqueous chloride salt solutions with Cs+ (Fig. 2a), Na+ (Fig. 2b),
Sr2+ (Fig. 2c) and Mg2+ (Fig. 2d) in an increasing order of water
structure-making capabilities. In our speciﬁc experimental layout,
the Raman–THz–THz pulse appears in the upper-right quadrant
of the 2D response, and the THz–Raman–THz pulse sequence in
the upper triangle of the upper-left quadrant (the third
THz–THz–Raman pulse sequence has recently been implemented
by others as well45). As has been discussed in our previous
publication42, the molecular response is signiﬁcantly smeared out
by the convolution with the THz and Raman pulses, both having
a ﬁnite duration, which makes the interpretation of the observed
signal quite difﬁcult. Nevertheless, owing to the shorter duration
of the Raman pulse compared with the THz pulse, the
Raman–THz–THz pulse sequence is less susceptible to contamination
from the instrument-response function (see the instrument-response
function shown as Figure 2C in Savolainen et al.42), and thus will be
considered from this point on.
A clear trend between the temporal extent of the diagonal signal
in the upper-right quadrant and the B coefﬁcient of the considered
cation is immediately noticeable. Whereas the 2D Raman–THz
response of CsCl in Fig. 2a strongly resembles that of neat water
(Supplementary Information and Supplementary Fig. 1), the
increase in the structure-making ability of the cation, as in the
case of Na+, is clearly accompanied with a longer relaxation along
the main diagonal, t1 = t2, in the upper-right quadrant (Fig. 2b).
This effect becomes much more pronounced for the stronger struc-
ture modiﬁers Sr2+ and Mg2+, that is, for the divalent cations, for
which a ridge along the diagonal is formed (Fig. 2c,d).
The insets in Fig. 2 highlight the signals along the diagonal (red
solid line) and compare it with that of neat water (black dashed
line). Although the latter has been reported before42, the measure-
ment has been repeated for consistency and is presented in the
Supplementary Information and Supplementary Fig. 1, where poss-
ible sources of small discrepancies in the instrument-response func-
tions are discussed as well. For a quantitative analysis, the averaged
relaxation time has been calculated for each diagonal cut, deﬁned as:
〈τ〉 ≡ ∫∞t0 (τ − t0)g(τ)dτ/∫
∞
t0
g(τ)dτ (2)
where t0= 50 fs represents the peak of the signal. An averaged relax-
ation time of 〈τ 〉 ≈ 65 ± 4fs is revealed for neat water, which is the
same as the value obtained from our previously published data
(Supplementary Fig. 2)42. In the case of CsCl, the signal decays some-
what faster with 〈τ 〉 ≈ 55 ± 4fs, whereas a slower relaxation with
〈τ 〉 ≈ 80 ± 7fs is obtained for NaCl. The deviations from the neat-
water signal are much stronger for SrCl2 and MgCl2 with relaxation
times of 〈τ 〉 ≈ 95 ± 5fs and 〈τ 〉 ≈ 110 ± 7fs, respectively. In these
two cases, an additional oscillatory feature evolves in the echo
signal, which can be ﬁtted by a damped oscillator with frequencies
of ∼ 230 ± 20cm−1 for SrCl2 and ∼ 150 ± 15cm
−1 for MgCl2. Figure 3
(red symbols) shows that the averaged relaxation time along the
diagonal correlates very well with the B coefﬁcient of the cation.
Raman–THz–THz sequence 
Echo
t1 = t2
t1 t2
t1 t2
Figure 1 | Raman–THz–THz pulse sequence. The appearance of an echo at
t2= t1 reﬂects the ability of the system to rephase the coherence after the
second light perturbation.
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Discussion
An echo occurs if the memory to rephase persists for a time similar
to the free-induction decay or longer. In that regard, it is interesting
to compare the diagonal decay (Fig. 3, dashed red line) with that
along the t1 axis, which is shown in Fig. 3 in green (although we
do observe an extended ridge along the t1 axis, the same is sup-
pressed in the t2 direction because of the time derivative that
occurs in the signal-generation process (see equation (2) of
Savolainen et al.42)). Both decay times approach each other for
MgCl2, hence one is deﬁnitely in the regime to call it an echo.
Interestingly, the t1-axis decay shows the opposite trend to that of
the echo decay, that is, it becomes slightly faster for cations with
larger B coefﬁcients. That signal is related to the initial drop of
the free induction in a 1D Raman experiment, and hence the
speed-up indicates a broader overall (that is, combined homo-
geneous and inhomogeneous) linewidth. To the contrary, the
echo decay along the diagonal reﬂects exclusively the homogeneous
dephasing of the investigated vibrational modes, and thus the data
in Fig. 3 present a trend of increasing inhomogeneity with increas-
ing viscosity along the series Cs+ < Na+< Sr2+ <Mg2+. The longest
echo lifetime we observed, 110 fs for Mg2+, is still fast compared
with the typical hydrogen-bond lifetime of 1 ps (refs 46–49).
However, in the low-frequency range the collective, intermolecular
modes of the hydrogen-bond networks involve more than one
hydrogen bond, and hence the persistent time of these modes will
be shorter.
It is important to stress that there are two possible types of low-
frequency modes in aqueous salt solutions. That is, in addition
to the water–water intermolecular modes, there is a new set of
ion–water vibrational modes from the ﬁrst solvation layer22,23,44,50.
In the following, we provide three pieces of evidence that, taken
together, make us believe that the enhanced diagonal feature orig-
inates from the intermolecular water–water vibrational modes,
and not from the ion–water vibrational modes:
• First, the red dashed line in Fig. 3 shows a linear ﬁt through the
four salt measurements (red circles). Even though that ﬁt did not
include the water value (blue diamond), the latter falls on the ﬁt
with a deviation of only 3 fs. This emphasizes that both exper-
iments, neat water versus salt solution, measure the inhomogeneity
of the same set of vibrational modes, that is, the intermolecular
water–water modes.
• As a second piece of evidence, we compare the frequency
of the oscillatory feature in the photon echo signal observed
for both Sr2+ and Mg2+ with what is known from 1D
spectroscopy22,23,44,50. With regard to water–cation vibrations,
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Havenith and co-workers44 identiﬁed distinct vibrational bands
for both SrCl2 and MgCl2 in linear THz absorption spectra, but
with the opposite frequency ordering (∼100 cm−1 for SrCl2
versus ∼200 cm−1 for MgCl2, which in essence simply reﬂects
the much larger mass of Sr2+) as compared with our observation
(∼230 cm−1 for SrCl2 versus ∼150 cm
−1 for MgCl2, which
can be discriminated within the error bars of the ﬁtted
beat frequencies).
• Finally, we substituted the Cl– anion by Br– while keeping the
same strong structure-making Sr2+ cation (Fig. 4) to also test
possible water–anion vibrations. Regarding 1D spectroscopy,
conﬂicting results can be found in the literature, with frequencies
that seem to depend on the spectroscopic method (THz
absorption44,50 versus Raman spectroscopy22,23, which indicates
a non-coincident effect from delocalized modes51) or on the
charge of the cation (monovalent22,23,44 versus divalent50).
However, in any case, the frequency of the anion–water vibration
depends on the nature of the ion, in some cases as extremely as
∼200 cm−1 for Cl– to ∼50 cm−1 for Br– (ref. 44), again following
the mass of the anion. In contrast, Fig. 4 shows that the 2D
Raman–THz responses of both SrCl2 and SrBr2 are virtually the
same with a signiﬁcant prolongation of the diagonal signal and
a profound oscillatory contribution in the echo signal, with a
frequency of ∼230 cm−1 in both cases.
Hence, the echo signal does not seem to stem from water–ion
vibrations. Although a detailed explanation of the oscillatory
feature in the echo signal is currently missing, it is very suggestive
to see that its frequency falls into the broad hydrogen-bond-stretch
vibration of liquid water, which is centred at ∼200 cm−1.
A full understanding of the 2D Raman–THz response will
require extensive theoretical and simulation work. Such work has,
indeed, identiﬁed echo features for neat water41,52–55, but, contrary
to our observation, only for the THz–Raman–THz pulse sequence,
which would lie in the upper-left quadrant along −2t1 = t2 in our
representation of the data (that is, along the blue line of
Supplementary Fig. 1). Tanimura and co-workers have explained
that effect by the larger anharmonicity of the Raman interaction,
resulting in a more-efﬁcient two-quantum transition that is
needed to obtain an ‘inversion of coherence’ that eventually
results in rephasing56. However, the simulated echo features are
very short-lived and originate from the librational modes of water
that are completely suppressed in our experiment because of a
limited time resolution. The only simulation work we are aware of
that includes ions is by Zhuang and co-workers57, who saw a
slight prolongation of the main peak around t1 = t2 = 0 in the
Raman–THz–THz echo direction for a 3.5 M MgCl2 solution.
That effect is also extremely short-lived and would not be observable
with our current time resolution. Unfortunately, the limited simu-
lation time of Zhuang and co-workers57 does not allow for any con-
clusions on the slower dynamics observed here (as a general remark,
the convergence of the multitimepoint correlation functions needed
to calculate a 2D Raman–THz signal fromMD simulations becomes
exponentially more computer-time expensive when longer times for
t1 and t2 are considered).
It has been shown58 that the 2D Raman–THz signal of neat water
is an extremely sensitive probe of the level of accuracy with which
the polarizability of a water model is described, and this is expected
to become even more relevant once the charge of an ion is intro-
duced. From the water models considered in Hamm58, by far the
best agreement with the experimental 2D Raman–THz response
was achieved with the TL4P water model recently put forward by
Tavan and co-workers59. This is a rigid four-point model that fea-
tures a Gaussian-shaped inducible dipole, which allows one to
realize a transferable model that describes both the gas- and the
solution-phase dipole moment and polarizability correctly, avoiding
the usual problems of the polarization catastrophe. It will be inter-
esting to see whether ions parametrized consistently to the TL4P
water model can reproduce the experimental results reported here.
Conclusion
In conclusion, we have identiﬁed an extended relaxation component
along the t1 = t2 direction by comparing the 2D Raman–THz
response of neat water with that of a series of chloride salts. As
the structure-making ability of the cation increases, the echo
feature becomes longer and evolves an oscillatory contribution. As
in the case of the conceptually similar 2D Raman spectroscopy,
such an echo reﬂects the amount of inhomogeneity of the corre-
sponding degrees of freedom. The echo decay time correlates very
well with the Jones–Dole B coefﬁcient. This observation connects
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a macroscopic property (viscosity) to the microscopic heterogeneity
of hydrogen-bond networks. We ﬁnd the slight speed up of the echo
decay for Cs+ rather remarkable, as to the best of our knowledge
such an acceleration has not been observed before by any other spec-
troscopic technique. Moreover, we provide evidence that the
enhanced structural heterogeneities do not originate from water–ion
vibrations but are related to water–water modes. This observation
implies structural effects on the hydrogen-bond networks, and
thus conﬁrms the empirically used concept of structure makers or
structure breakers on a molecular level.
Given the extraordinary sensitivity of the method to detect the
polarizability of the various molecular constituents58, we believe
that these experiments are the most-decisive experiments of ion sol-
vation to date, even though currently the full information cannot be
retrieved. A more-thorough interpretation of the experimental
results will require massive support from theory, and we hope
that our current interpretation will serve as a working hypothesis
for theoretical work to come.
Methods
The experimental set-up for 2D Raman–THz spectroscopy is described in detail
elsewhere42. Brieﬂy, a train of short (∼100 fs) 800 nm pulses with a bandwidth of
300 cm–1 (∼9 THz) delivered from a 5 kHz ampliﬁed Ti:sapphire laser was split into
three beams. The ﬁrst beam, denoted as a Raman pump, was used to excite a
vibrational coherence in the sample through two ﬁeld interactions. Before hitting the
sample, the Raman-pump pulses passed through an optical delay stage, which
deﬁnes time t1. Their energy was varied from 200 µJ for neat water (Supplementary
Fig. 1) down to 40 µJ for SrBr2 to avoid the otherwise strong contributions from a
hydrated electron generated by multiphoton processes43. The second beam was used
to generate short THz pulses by means of optical rectiﬁcation, and these were
focused onto the sample by means of an elliptical mirror, and the third beam was
used to detect the transmitted THz pulses by electro-optic sampling. Before hitting
the detection crystal, the detection beam was passed through another delay stage,
which deﬁnes time t2. For both THz generation and detection, a 100 µm thick (110)
GaP crystal was used, which gave a higher bandwidth than the more-common ZnTe
crystal and very clean half-cycle pulses with essentially no ringing. The pulse
duration of the THz pulse was ∼140 fs, peaking at ∼1.4 THz and extending to
∼7 THz, which is sufﬁcient to excite and probe the water’s hydrogen-bond-stretch
band at ∼200 cm−1. The foci of both THz and Raman pulses were matched at
∼250 µm on a ∼40 µm thick wire-guided gravity-driven jet to avoid any undesired
extra signals from the windows. Each measurement consisted of ∼100 individual
2D scans, each scanning t1 and t2 on a 50 fs grid. The total averaging time of each
measurement amounted to ∼60 h. All the measurements were performed at
room temperature.
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Supplementary Figure 1 shows the 2D Raman-THz response of neat water, which is qualitatively similar to the
previously reported one of Fig. 2b in Ref. [1]. As discussed in detail in Ref. [1] and its Supplementary Materials, many
of the features in the observed 2D Raman-THz response originate from the convolution of the molecular response
function with the THz and Raman pulses. In particular the THz pulse is time-resolution limiting and furthermore
has a rather complicated shape. We defined the instrument response function (IRF) as the response we would expect
to get if the molecular response function would be δ−shaped, i.e., in essence the product of the Raman and the THz
pulse with some slight additional modifications, which originate from the dispersion the emitted THz field undergoes
on its way to the detection crystal.
We have shown in Ref. [1] that in particular the signal along the anti-diagonal of the 2D data is related to the
IRF. Comparing that part of the signal in Supplementary Figure 1 with Fig. 2b of Ref. [1], some discrepancies in
the IRF can be identified, which we attribute mostly to Gouy-phase shifts due to the uncertainty of the alignment
of the sample with respect to the THz focus, which is extremely critical [2]. Nevertheless, the comparison of the 1D
cuts along the main diagonal of the upper-right quadrant containing the Raman-THz-THz pulse sequence, shown in
Supplementary Figure 2, reveals practically identical signal decays with 〈τ〉≈65 fs in both cases. The similarity of
these decays emphasizes the reduced effect of the IRF on the measured molecular response for the Raman-THz-THz
pulse sequence. Nevertheless, we took extreme care to obtain a self-contained data set in the present paper. That
is, the various salt measurements have been interleaved with neat water measurements in order to exclude drifts in
the IRF. As a result, the neat water (Supplementary Figure 1) measurement together with the series of chloride salt
measurement depicted in Fig.1b–e show a high degree of reproducibility with respect to the IRF (i.e., mainly the
anti-diagonal signal).
Small remaining deviations are attributed to the change in the surface quality of our gravity driven sample jet.
We have verified that a decrease in the jet smoothness mediates a scattering of the intense Raman beam into the
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Supplementary Figure 1: 2D Raman-THz response of neat water. The upper-right quadrant corresponds to the Raman-THz-
THz pulse sequence, while upper left triangle (above -t1=t2) corresponds to the THz-Raman-THz pulse sequence. For both
pulse sequences the main diagonals where an echo is potentially expected are indicated with black dotted line and blue dashed
line, respectively.
© 2016 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.
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Supplementary Figure 2: Comparison of the 1D cut along the diagonal of the upper-right quadrant for neat water from the
current work (black dashed line) with that from the data reported in Ref. [1] (red solid line).
detection crystal, which might give rise to an undesired signal along -t1=t2 direction (due to the cross-correlation of
the Raman and the gated beams). In addition, we noticed that the stability and quality of the jet is degrading with
increasing viscosity of the aqueous salt solution. Thus, the gradual change in the signal shape particulary in the lower
right quadrant of the 2D map, along the measurements shown in Fig. 2a–d can be ascribed, at least partially, to the
increased scattering contributions to the total signal.
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